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FOREWORD 

The  directives  of  the  Twenty-third  Congress  of  the  Communist 
Party  of  the  Soviet  Union  in  connection  with  the  1966-1970  Five- 
Year  Plan  for  development  of  the  USSR’s  national  economy  provide 
for  an  additional  slurp  increase  in  the  production  of  new,  pro¬ 
gressive  materials  and  their  extensive  introduction  into  the 
economy.  These  materials  include  titanium,  which  exhibits  a 
number  or  valuable  properties:  high  strength  (referred  to  the 
density  of  the  metal),  outstanding  chemical  stability  with  re¬ 
spect  to  many  corrosive  media,  and  high  heat  resistance.  It 
is  to  these  properties  that  titanium  and  alloys  based  cn  it  owe 
their  extensive  use  in  Jet  aviation,  rocket  engineering,  weapons 
systems ,  and,  most  recently,  in  chemical  engineering  and  radio 
electronics. 

Industrial  production  of  titanium  was  begun  aoroad  in  the 
late  19^0's.  Among  the  capitalist  countries,  the  medr:  producers 
of  titanium  are  the  USA,  Great  Britain,  and  Japan. 

Tr.e  titanium  industry  of  the  USA,  which  developed  at  an  ex¬ 
ceptionally  rapid  rate  from  1951  through  1957  on  the  strength  of 
large  Air  Force  orders,  was  then  stricken  by  a  major  crisis  lead¬ 
ing  to  a  sharp  drop  in  the  production  of  the  metal  and  a  subse¬ 
quent  slower  expansion  rate  of  the  industry.  The  American  titan¬ 
ium  industry  is  still  not  yet  completely  in  control  of  such 
crisis  effects,  although  production  has  been  rising  steadily  over 
the  last  2-3  years. 
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Industrial  production  of  titanium  was  set  up  in  the  Soviet 
Union  in  the  early  1950's.  Our  titanium  industry  is  ;.n  up-to- 
date  branch  of  the  socialist  economy.  Titanium  output  in  the 
USSR  is  increasing  steadily  and  at  a  rapid  rate  on  a  socialist 
economic  planning  basis. 


The  production  of  titanium  and  its  broad-scale  use  In  in¬ 
dustry  are  now  being  held  back  by  the  relatively  high  cost  cf 
the  metal.  This  is  explained  chiefly  by  the  complexity  of  its 
technology  and  inadequate  productivity  of  the  equipment  used  in 
titanium  production.  Hence  research  toward  new,  mere  efficient 
methods  of  obtaining  the  metal  are  continuing  in  all  countries 
that  produce  titanium,  as  indicated,  for  example,  by  the  continu¬ 
ing  publication  of  broad-scale  scientific  research  papers  and  the 
frequent  issuance  of  patents  for  new  and  improved  production 
processes. 

The  present  volume  examines  the  technological  processes  and 
equipment  used  in  the  production  of  titanium  sponge  under  indus¬ 
trial  conditions.  The  principal  subjects  here  are  the  prepara¬ 
tion  of  the  titanium-containing  raw  material  for  chlorination, 
the  production  and  purification  of  titanium  tetrachloride,  and 
its  reduction  by  magnesium  and  sodium. 


At  t.-i*  sure  time,  in  view  of  the  acknowledged  shortcomings 
of  the  technology  and  equipment  used  at  the  present  time  and  the 
intensive  search  for  more  effective  solutions,  the  authors  have 
also  considered  it  necessary  to  include  promising  new  methods 
that  are  still  in  the  laboratory-research  or  pilot-plant  stage. 

Thus,  it  is  difficult  to  overrate  the  prospects  of  such 
methods  as  the  elsctrolytlc  production  of  titanium  from  titanium 
compounds,  electrolytic  and  thermal  refining  of  titanium,  two- 
stage  sodiothermic  reduction  of  titanium,  the  various  continuous 
processes  for  reduction  of  titanium  tetrachloride  and  separation 
of  the  reduction  products,  etc. 


The  book  devotes  special  attention  to  the  quality  of  the 
intermediate  products  and  the  metal,  wh^ch,  together  with  the 
cost  of  the  me? ?1 ,  is  of  prime  importance  for  its  pr; 
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Utilization  of  titanium  scrap,  which  still  continues  to  ac¬ 
cumulate  in  large  quantities,  must  be  an  important  factor  in 
lowering  the  cost  of  titanium.  A  separate  chapter  is  devoted  to 
utilization  of  this  scrap. 

The  chloride  metallurgy  on  which  titanium  production  tech¬ 
nology  is  based  opens  broad  new  possibilities  for  the  organiza¬ 
tion  of  large-scale  industrial  production  not  only  of  metallic 
titanium,  but  also  of  an  important  titanium  compound  -  titanium 
dioxide,  the  production  of  which  has  been  increasing  steadily  and 
rapidly  in  recent  years.  In  this  context,  the  book  examines  the 
production  of  titanium  dioxide  from  the  tetrachloride. 


The  chapters  devoted  to  melting  of  titanium  and  powder  metal¬ 
lurgy  are  Included  in  the  monograph  to  give  a  general  notion  of 
the  complete  chemicometallurgical  cycle  of  titanium  production. 

The  authors  do  not  pretend  to  have  exhausted  this  material,  and 
recommend  that  readers  refer  to  the  literature  cited  for  detailed 
study  of  this  question. 

On  8  September  1961,  the  Committee  on  Standards,  Measures, 
and  Measuring  Instruments  in  the  USSR  Council  of  Ministers  ap¬ 
proved  a  new  state  standard  entitled  "The  International  System  of 
Units"  (GOST  9887-61)  for  preferred  use  beginning  1  January  1963 
in  ail  branches  of  science  and  engineering. 


Since  all  quantities  are  given  in  the  old  units  in  the  pre¬ 
sent  volume,  we  cite  here  the  data  needed  to  convert  certain 
quantities  from  the  older  systems  to  the  new  SI  system. 

SI  Units 


Old  and  Out-of-System 
Units 

1  micron  (u) 

1  Angstrom  X 
1  liter  (;.) 

1  ton  (t) 

1  kilogram- force  (kgf) 

1  dyne  (dyn) 

1  kilogram-force-meter 
(kgf *m) 

1  kilowatt-hour  (kWhr) 


1  micrometer  (urn)  *  10-^  m 
0.1  nm  *  10~10  m 
1.00028  •  10" 3  m3 
1000  kg 

9.80665  N  (^9.81  N) 

10"5  N 

9.80665  N*m  (-V9.81  N*m)  = 

*  9.80665  J  (*9 • 8l  J) 

3.6-106  J 
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Old  and  Out-of-System 
Units 

1  kilogram-calorie  (kcal) 

1  kg ’m/s 
1  kgf/cm2 
1  mm  HgO 
1  mm  Hg 

1  technical  atmosphere 
(atm) 


SI  Units 

4186.8  J  »  4.1368  JcJ 
(^4,2  kJ) 

9.80665  W  (N-m/s) 

98066. 5  N/m2 

9 • 8066 . 5  N/m2 

133.322  N/m2 

98066.5  N/m2 


Author  credits  for  the  chapters  in  this  monograph  are:  V.Yu, 
Kramnik,  production  of  raw  materials  for  chlorination;  the  late 
P.P.  Khomyakov  and  G.V.  Seryakov,  production  of  titanium  tetra¬ 
chloride;  V.A.  Oar mat a,  metallothermic  methods  of  titanium  pro¬ 
duction;  B.S.  Gulyanltskiy ,  Continuous  titanium-production 
methods ,  the  survey  of  the  properties  and  fields  of  application 
of  titanium,  melting  and  recovering  treated  titanium  wastes; 

A. 3.  Suchkov,  electrolytic  production  and  refining  of  titanium, 
the  powder  metallurgy  of  titanium;  and  Ya.M.  Lipkes,  refining  of 
titanium  and  production  of  titanium  dioxide. 


"The  Metallurgy  of  Titanium"  is  a  first-edition  monograph, 
and  the  authors  will  be  grateful  for  reader  comments,  remarks, 
and  criticism.  The  authors  ask  that  all  comments  be  addressed 
to  the  "Metallurglya"  publishing  house. 
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Metallurgiya  titana.  Oarr  ta,  V.A.,  Gulyanitskiy ,  B.S.,  Kramnik, 
V.Yu.,  Lipkes,  Ya.M.,  Seryakov,  G.V.,  Suchkov,  A.B.,  and  Khomya¬ 
kov,  P.P.  Izd-ve  "Metallurgiya,”  1967,  6^3  pages. 


The  book  sets  forth  problems  in  the  preparation  of  titanium- 
containing  raw  materials  for  chlorination.  It  examines  the  pro¬ 
duction  of  titanium  tetrachloride,  metalothermic  methods  of  pro¬ 
ducing  titanium,  and  the  refining  and  remelting  of  the  metal. 
Methods  for  electrolytic  production  and  refinement  o.f  titanium, 
reclaiming  titanium  and  titanium-alloy  scrap,  and  production  of 
pigment  titanium  dioxide  from  titanium  tetrachloride  are  de¬ 
scribed.  Attention  is  given  to  the  properties  of  titanium  and 
titanium-based  alloys,  and  their  fields  of  application  are  in¬ 
dicated. 

The  book  is  oriented  to  engineering,  technical,  and  scien¬ 
tific  workers,  but  may  also  be  helpful  to  students  specializing 
in  titanium  metallurgy  at  the  institutes  of  technology. 

With  150  Illustrations,  58  Tables,  and  Bibliographies  with 
965  source  citations. 
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PART  I 

TITANIUM,  ITS  PROPERTIES  AND  USES 
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Chapter  l 

A  BRIEF  HISTORICAL  OUTLINE  OF  TITANIUM 
PRODUCTION 

In  1789,  while  studying  the  chemical  composition  of  a  mag¬ 
netic  sand  from  the  village  of  Manaecan,  the  English  scientist 
W.  Gregor  found  a  new  earths,  which  he  named  manaccanitic  earth. 

In  1795,  M.  Klaproth  found  a  hitherto  unknown  metal  in  the  nir.' 
eral  rutile  and  named  it  titanium;  two  years  later,  he  himself 
established  the  identity  between  rutile  and  manaccanitic  earth.  In 
a  3tudy  of  metal-like  crystals  in  blast-furnace  slags,  '/!.  Wollas- 
ton  concluded  in  1822  that  they  were  composed  of  practically  pure 
titanium.  In  1825,  J.  Berzelius  prepared  impure  mechanical  titan¬ 
ium  by  reducing  potassium  fluotltanate  KjTiPg  with  potassium. 

Its  properties  differed  from  those  of  the  titanium  prepared  by 
Wollaston,  but  this  was  explained  by  the  noncrystalline  structure 
of  Berzelius'  titanium.  Not  until  18^9  did  F-  Wohler  demonstrate 
by  burning  blast-furnace  crystals  in  a  current  of  chlorine  that 
Wollaston's  "titanium"  was  in  fact  the  compound  Ti^Cn^  [1]. 

In  describing  the  titanium  compounds  in  the  19D6  edition  of 
his  "Osnovy  khimii"  [The  Fundamentals  of  Chemistry],  the  last 
published  before  hi3  death,  D.I.  Mendeleyev  had  only  a  few  words 
for  the  metal  itself:  a  gray  powder  with  a  density  of  3.65  g/cm^ 
[2]. 

In  1887,  L.  Nilson  and  0.  used  sodium  to  reduce 

titanium  tetrachloride  in  a  steel  bomb.  They  obtained  titanium 
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with  a  purity  of  about  95?  [3]. 

In  1910,  M.  Hunter  prepared  a  relatively  pure  and  ductile 
titanium  (99.7-99.8?  Ti),  again  by  reducing  titanium  tetrachlo¬ 
ride  with  sodium  in  a  steel  bomb.  According  to  his  observations, 
the  reduction  occurs  instantaneously  and  explosively,  and  is  ac¬ 
companied  by  the  development  of  high  pressures  [If].  In  1921, 

M.  Billy  published  the  results  of  experiments  in  which  titanium 
tetrachloride  was  reduced  with  sodium  hydride  at  pressures  near 
atmospheric  [5]. 

In  1925,  van  Arkel  and  de  Boer,  using  a  method  that  they 
had  developed  for  thermal  dissociation  of  titanium  iodide,  pre¬ 
pared  small  quantities  of  metal  free  of  nonmetallic  impurities 
from  sodium-reduced  titanium  [6]  A  series  of  studies  of  the 
physical  and  mech  .nical  properties  of  highly  pure  titanium  was 
carried  out  over  the  next  fifteen  years  in  Hoi1 and.  Tt  was  found 
that  metallic  titanium  could  be  a  valuable  structural  material  if 
it  could  be  produced  by  an  economical  Industrial  method.  However, 
as  late  as  19^3,  titanium  was  still  being  described  as  a  brittle 
metal  useful  chiefly  for  alloying  and  dioxidizlng  steels. 

During  the  Second  World  War,  the  firm  Degussa  in  Germany  pro¬ 
duced  titanium  by  the  sodiotherroic  method  in  agitator-equipped 
steel  reactors.  The  titanium  was  of  moderate  purity,  at  about 
98?.  The  chief  impurities  were  oxygen  and  iron  [7]. 

The  bases  of  the  magnesiothermic  method  of  producing  titan¬ 
ium  that  Is  now  in  widespread  use  were  published  by  W.  Kroll  in 
19 1!0  [8];  the  work  to  bring  the  Kroll  process  up  to  full  indus¬ 
trial  scale  was  begun  by  the  US  Bureau  of  Mines  in  19^5  [9].  The 
first  three  tons  of  titanium  sponge  were  produced  by  this  method 
in  the  USA  ir,  19^8. 

Titanium  exhibits  a  valuable  combination  of  high  mechanical 
properties  and  comparatively  low  density  (4.5  g/cm  ).  Titanium 
alloys  are  distinguished  by  thermal  stability  and  particularly 
high  specific  strengths  (ratios  of  strength  to  density)  at  tem¬ 
peratures  up  to  3^S'"^50oU>  and  up  to  600°C  for  the  new  alloys. 
Alloys  that  are  stable  at  even  higher  temperatures  (700-300oC) 
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are  under  development.  These  qualities  have  made  It  possible  to 
«se  titanium  as  a  structural  material  in  Jet  aviation,  first  for 
gas-turbine  and  Jet  engines,  then  for  the  airframe  structures 
and  finally  in  rocket  engineering. 

Below  we  present  brief  essays  on  the  titanium  industries  of 
the  capitalist  countries. 


USA.  Over  the  seven  years  from  1951  through  1957,  several 
titanium  plants  were  constructed  in  the  USA  with  the  active  sup 

port  of  the  government,  which  simultaneously  guaranteed  to  buy 
their  output. 


The  first  titanium  plant,  which  used  the  magnesiothermic 
method,  was  placed  in  operation  by  Titanium  Metals  Corporation  or 
America  (TMCA)  in  1951  at  Henderson,  Nevada.  Titanium  production 
was  accomodated  in  some  of  the  buildings  of  a  magnesium  plant  that 
had  been  erected  during  the  Second  World  War  and  designed  to  pro¬ 
duce  50  thousand  tons  of  magnesium  per  year.  In  the  new  context, 
magnesium  output  was  reduced  to  Just  meet  the  demands  or  titanium 
production.  The  firm  does  not  now  produce  commercial  magnesium. 
The  original  design  output  of  the  plant  (5400  tons  of  titanium 
sponge)  had  been  reached  by  1956.  The  4850-ton  DuPont  de  Nemours 
titanium  plant  at  Newport,  Delaware  had  been  placed  in  operation 
in  1954.  This  plant  purchased  outside  magnesium  for  its  magnesio¬ 
thermic  operations.  Dow  Chemical,  the  largest  producer  of  mag¬ 
nesium  in  the  USA,  began  titanium  production  in  1955.  It  built  a 
1600-ton-capaeity  plant  at  Midland,  Michigan,  where  it  had  pre¬ 
viously  located  one  of  its  magnesium  plants.  The  Kremet 
Incorporated  Magnesiothermic  Plant  at  Chattanooga,  Tennessee, 
which  has  a  5400-ton  capacity,  was  also  placed  in  operation 
in  1955. 
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Under  license  from  the  British  firm  Imperial  Chemical  Indus-  Cha; 
tries  (ICI) ,  the  firm  Electrometallurgical  (a  subsidiary  of  Union  exclusiv< 
Carbide)  began  obstruction  in  1954  on  the  largest  sodiothermlc  of  the  s‘ 
titanium  plant  in  the  USA  -  a  6750-ton  installation  at  Ashtabula,  lly  froin 
•Ohio.  The  plant  began  operations  !n  April  of  1956  and,  according  The 
to  published  reports,  had  reached  its  planned  performance  by  the  titanium 
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end  of  that  year.  In  1957,  another  sodiotheimic  titanium  plant 
was  opened  at  Ashtabula  by  the  National  Distillers  and  Chemical 
Corporation.  It  has  its  own  nearby  sodium  plant  with  a  capacity 
of  27  thousand  tons.  According  to  available  information,  a  new 
semiccntinuous  process  is  used  at  the  titanium  plant  to  produce 
the  metal,  but  no  details  have  been  divulged  [10]. 

In  196*),  this  firm  joined  with  United  States  Steel  Corpora¬ 
tion  to  establish  a  new  company  -  Reactive  Metals,  Incorporated, 
which  was  to  engage  in  the  production  of  titanium  sponge,  semi¬ 
finished  titanium  products,  zirconium,  and  hafnium  [11]. 

Construction  of  two  more  sodiothermic  plants  was  reported 
during  the  ascendancy  of  the  industry  in  the  USA.  The  Columbia 
Southern  Chemical  Corporation,  which  produces  titanium  tetrachlo¬ 
ride,  proposed  to  Join  the  British  firm  ICI  as  its  licensee  in 
the  erection  of  a  *)500-ton  sodiothermic  titanium  plant  at  Natrium, 
West  Virginia,  which  was  to  open  in  1958.  It  was  proposed  that 
this  plant  be  built  on  condition  that  financial  support  became 
available  from  the  US  Government.  A  new  variant  of  the  sodio¬ 
thermic  process  was  elaborated  for  the  plant. 

In  1956,  the  firms  Kennecott  Copper  Corporation  and  Allied 
Chemical  and  Dye  Corporation  organized  the  Allied  Titanium  Cor¬ 
poration  to  construct  a  sodiothermic  titanium  plant  with  a  capa¬ 
city  of  7300  tons  at  Wilmington,  North  Carolina.  Proposals  called 
for  a  continuous  sodiothermic  process  at  this  plant,  which  was  to 
be  placed  in  operation  in  1958-1959  [12]. 

Thus,  the  capacity  of  existing  titanium  plants  and  those 
under  construction  was  to  have  been  2*)  thousand  tons  in  1956  and 
about  *)2  thousand  tons  in  1958. 

Characteristically,  the  new  plants  were  to  be  constructed 
exclusively  for  the  sodiothermic-  method,  and  the  relative  output 
of  the  sodiothermic  plants  was  accordingly  to  be  increased  stead¬ 
ily  from  28%  in  1956  to  *)8j{  in  1958. 

The  planned  rapid  development  of  the  sodiothermic  method  of 
titanium  production  in  the  USA  was  based  on  technological  and 
economic  considerations  that  will  be  considered  later  in  the  part 

FTD-HC-23-352 -69  4 


of  the  bock  devoted  to  the  technology  of  sodiothermic  titanium 
production. 

Up  to  1957,  the  capacity  of  the  American  titanium  industry 
increased  rapidly.  At  the  same  time,  it  was  repeatedly  being 
predicted  that  world  titanium  production  would  rise  significantly. 
For  example,  it  was  assumed  that  by  i960,  the  capacity  of  Ameri¬ 
can  plants  would  have  increased  to  200  thousand  tons,  and  that  by 
1965  titanium  might  be  produced  in  greater  quantities  than  stain¬ 
less  steel  and  later  come  to  rival  aluminuM  output  [133.  It  was 
also  supposed  that  increased  titanium  production  would  be  encour¬ 
aged  bv  significant  improvement  of  production  methods,  with  thr 
result  that  the  prices  of  titanium  and  semifinished  titanium  pro¬ 
ducts  would  drop  almost  to  the  level  of  those  of  3tainles3  steels 
[133. 

However,  beginning  in  mid-195?>  a  sharp  decrease  in  titanium- 
sponge  production  began  in  the  USA  and  to  a  lesser  degree  in  Eng¬ 
land  and  Japan,  owing  to  a  number  of  factors.  The  rapid  develop¬ 
ment  of  the  American  titanium  industry  in  the  preceding  years 
had  been  financed  largely  by  the  government.  The  government  had 
been  purchasing  the  production  of  titanium  plants  for  stockpiling 
and  military  needs.  Less  than  10?  of  the  titanium  produced  in 
1956  was  used.  The  sharp  decline  in  interest  in  titanium  was  da? 
to  advances  made  in  improving  the  properties  of  stainless  steels, 
which  are  less  expensive  than  titanium,  to  deficiencies  in  the 
production  technology  of  semifinished  titanium  products  {for  some 
time,  there  were  massive  rejections  due  to  high  hydrogen  contents 
in  the  pieces),  to  nonconformity  of  the  titanium-based  alloys  that 
had  then  been  developed  (which  had  a  sharp  strength  drop  on  heat¬ 
ing  above  420°C)  to  the  new,  more  rigid  specifications  laid  down 
for  them,  and  to  cuts  in  the  program  of  military-aircraft  con¬ 
struction  in  the  context  of  improvements  in  rocketry,  affecting 
pi'imarily  the  production  of  B-52  heavy  bomoers,  in  whose  produc¬ 
tion  most  of  the  titanium  had  been  used.  Early  in  1958,  tae  US 
government  reversed  its  previous  position,  which  had  required 
firms  producing  semifinished  titanium  products  to  ship  them  pre¬ 
ferentially  to  military  installations.  However,  the  nonm’litary 
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TABLE  1 

Production  of  Titanium  Sponge  in  the  Capitalist  Countries  from  19^9 

through  1966 ,  Tons 
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branches  of  US  industry  declined  to  use  substantial  amounts  of 
titanium  because  of  the  lack  of  the  required  experience  and  the 
high  cost  of  the  metal. 

The  above  factors  resulted  in  a  sharp  drop  in  titanium  pro¬ 
duction  after  1957  (Table  1),  suspension  of  construction  work  on 
new  plants,  and  shutdowns  of  some  of  the  existing  plants:  in  I960, 
titanium  production  was  suspended  at  the  Midland  plant  (Dow  Chemi¬ 
cal)  and  at  Chattanooga  (Kremet);  in  1962,  the  plant  at  Ashtabula 
(Electrometallurgical)  closed  its  doors. 

The  1958-1960  recession  in  the  USA  was  followed  in  1961  by 
a  new  rise  in  titanium-sponge  (Table  1)  and  semifinished  titanium 
products  output,  primarily  as  a  result  of  expanded  use  of  titanium 
for  military  purposes  and  the  development  of  high-speed  airplane 
designs,  such  as  the  A-ll,  which  is  capable  of  3200  km/h.  Never¬ 
theless,  another  titanium  plant,  the  DuPont  Installation  at  New¬ 
port,  closed  in  1961J  [l4)].  Thus,  at  the  beginning  of  1965,  there 
were  only  two  titanium-sponge  producers  left  in  the  USA:  the 
plant  at  Henderson,  which  used  its  own  magnesium,  ar.d  the  one  at 
Ashtabula,  which  used  its  own  sodium. 

The  increased  demand  for  titanium  in  the  USA  in  recent  years 
has  revivified  the  American  titanium  industry.  For  example,  there  are 
published  reports  to  the  effect  that  the  capacity  of  the  Ashtabula 
scdiothermle  plant  was  increased  from  2270  to  4500  tons  in  1965 
and  would  soon  be  raised  to  6800  tons.  It  has  been  proposed  that 
the  plant's  capacity  be  increased  by  another  70%  by  1970  by  the 
Introduction  of  a  continuous  titanium  production  process  that  is 
now  under  development.  The  output  of  titanium  ingots  and  semi¬ 
finished  products  is  to  be  increased  simultaneously  [15] •  The 
capacity  of  the  Henderson  plant  has  been  increased  from  6350  to 
9070  tons,  thu3  compensating  the  decrease  in  overall  output  caused 
by  the  shutdown  of  the  plant  at  Newport  [16,  17 3  -  Plans  also  call 
for  doubling  the  capacity  of  the  Henderson  plant  by  1970  [18].  It 
has  been  reported  that  tne  output  of  titanium  sponge  in  I96A  (8200 
tons)  corresponded  to  78%  utilization  of  titanium-plant  capacity 
[19]  (this  figure  was  38J  in  I960,  AM  in  1961  and  1962,  and  57% 
in  1963);  in  1966,  the  titanium  plants  were  In  full-capacity 
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operation  at  14.5  thousand  tons.  Reports  began  to  appear  to  the 
effect  that  four  new  firms  proposed  to  go  into  titanium  produc¬ 
tion  [20].  At  the  end  of  1965,  the  Oregon  Metallurgical  Corpora¬ 
tion  commissioned  a  pilot  plant  designed  to  produce  titanium 
sponge  [21],  and  construction  was  begun  on  an  industrial  complex 
capable  of  producing  1700  tons  of  sponge  per  year  [118].  It  is 
predicted  that  the  annual  demand  for  titanium  sponge,  including 
imports,  will  increase  to  32  thousand  tons  by  1970  as  compared 
with  20  thousand  tons  in  1966  [15]. 

With  improvements  of  production  technology,  the  cost  of 
titanium  sponge  is  dropping  steadily.  In  1953,  1  leg  of  grade  A1 
sponge  was  priced  at  $11.01;  the  price  was  $7*62  in  1956,  $4.02 
in  1959,  $3.50  in  1963,  and  $2.91  in  1964. 

American  sponge  was  being  marketed  at  the  same  price  in  1966 
[117].  It  is  predicted  that  the  price  of  the  metal  will  be  down 
approximately  20%  by  1970  [15J. 

Although  American  titanium  production  in  1966  represented 
87$  of  the  1957  output,  the  demand  for  semifinished  titanium 
products  was  considerably  higher  than  the  1957  level  as  early  as 
1962.  For  example,  the  production  of  titanium  ingots  had  risen 
from  9.1  thousand  tons  in  1957  to  13.9  thousand  tons  In  1965  and 
21.3  thousand  tons  in  1966,  and  the  production  of  titanium  rolled 
products  had  risen  from  5-1  to  8.6  and  12.5  thousand  tons,  respec¬ 
tively.  The  technology  of  rolled-titanium  production  had  been 
improved  as  a  result  of  bread-scale  research;  rejection  rates  had 
been  cut  and  scrap  was  utilized  more  effectively  in  smelting  out 
the  ingots  [22,  121]. 

Development  of  a  technology  to  produce  highly  purified  titan¬ 
ium  (99-999 9%)  for  the  electronics  industry  by  the  use  of  elec¬ 
tron-beam  remelting  has  been  reported  [23]- 

Japan.  Titanium  production  was  begun  in  Japan  at  a  pilot 
plant  of  Osaka  Titanium  with  a  capacity  of  18  tons  per  year.  Sub¬ 
sequently,  titanium-sponge  production  was  organized  by  two  other 
firms:  Togo  Titanium  and  Japan  Soda.  The  latter  firm,  which  pro¬ 
duced  about  150  tons  of  titanium  sponge  per  year,  suspended  its 

PTD-HC-23-352-69  8 


i 

I 


T 


man  ,  ,  95  ThS  CaPaC'tleS  °f  the  °Saka  Tltaniun  and  Togo 

Titanium  plants  are  about  the  same,  at  about  1500-2000  tons  per 

year.  Their  annual  outputs  of  sponge  are  also  about  the  same. 
Otner  firms  also  have  titanium  pilot  plants.  Most  of  the  titan¬ 
ium  sponge  produced  is  exported  preferentially  to  the  ISA  and  a 
small  part  tc  Western  Eui’ope  [24,  253. 

The  Japanese  plants  use  the  magnesiothermic  method.  Japanese 
titanium  sponge  is  superior  in  quality  co  the  American  products. 
Most  of  the  Japanese  sponge  has  a  Brinell  hardness  of  about  100. 
However,  this  sponge  is  marketed  in  the  USA  at  a  price  about  10? 
lower  than  that  of  the  sponge  produced  in  this  country. 

As  a  result  of  expanded  export  of  titanium  to  the  USA  and 
Great  Britain,  the  capacities  of  both  Japanese  titanium  plants 
had  increased  to  3000  tons  each  by  the  beginning  of  1966  [19,  26, 
27]  • 


Great  Britain.  Imperial  Chemical  Industries  (ICI),  the 
largest  producer  of  sodium  in  England,  began  development  of  a 
technology  to  produce  titanium  by  the  sodiothermic  method  in  1951. 
The  research  was  at  first  done  in  reactors  designed  to  produce 
3  and  45  kg  of  titanium,  and  then  at  a  150-ton3-per-year  pilot 
plant  near  Birmingham.  Other  methods  were  also  tested  simul¬ 
taneously  with  the  developmental  work  on  the  sodiothermic  method 
-  the  magnesiothermic  method,  electrolysis,  and  reduction  of 
titanium  dioxide. 


In  mid-1955,  less  than  two  years  after  the  start  of  construc¬ 
tion,  a  1500-ton  titanium  plant  was  placed  in  operation  at  Wilton, 
Yorkshire.  The  capacity  of  the  plant  was  subsequently  increased 
to  1800  tons.  The  titanium  tetrachloride  is  supplied  by  British 
Titan  Products  at  Billingham.  In  subsequent  years,  titanium  pro¬ 
duction  dropped  off  sharply  and  the  demand  for  titanium  was  met 
basically  with  metal  imported  from  Japan.  At  the  end  of  1964, 
there  was  another  increase  in  titanium  production  at  the  Wilton 
plant  [19].  Work  is  being  completed  to  double  the  plant’s  titan¬ 
ium  sponge  production  capacity  [28]. 
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Other  countries.  Accor  ilng  to  published  data,  titanium 
sponge  is  being  produced  at  pilot  plants  in  P ranch ,  Norway,  Canada, 
West  Germany,  and  Italy.  For  example,  it  has  been  reported  that  a 
small  quantity  of  titanium  in  the  form  of  tablets  weighing  from  5 
to  7  c  is  being  produced  by  Dominion  Magnesium  in  Canada,  which 
produces  calcium  in  addition  to  magnesium.  The  titanium  is  pro¬ 
duced  by  calcium  reduction  of  titanium  dioxides.  The  entire  out¬ 
put  is  sent  to  Great  Britain.  Canada's  domestic  needs  have  been 
met  by  production  of  semifinished  titanium  products  from  ingots 
Imported  from  the  USA  [29]. 

In  1961,  an  installation  for  titanium  production  by  the  two- 
stage  sodiothermic  method  [30]  was  placed  in  operation  in  Italy. 

In  West  Germany,  pilot  production  of  titanium  has  been  set 
up  by  Titangesellschaft  at  Leverkusen. 

The  firm  Kontlmet,  whose  principals  are  three  West  German 
firms,  including  Krupp,  and  the  American  firm  TMCA  was  organized 
in  West  Germany  at  the  and  of  1961.  Kontimet  engages  in  the  pro¬ 
duction  of  semifinished  products  from  imported  titanium  3ponge. 

The  possibility  of  its  setting  up  the  production  of  i*s  own  sponge 
has  not  been  ruled  out  [31]. 

In  France,  titanium  is  produced  by  Societe*  Titanium  at  a 
pilot  plant  in  LePrese. 

The  total  production  of  titanium  sponge  in  the  above  coun¬ 
tries  is  estimated  at  500-600  tons  per  year. 
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Chapter  2 

THE  PROPERTIES  OF  TITANIUM 

Titanium  has  an  atomic  number  of  22  and  is  an  element  of 
transitional  group  IV  in  D.I.  Mendeleyev's  periodic  system.  The 
atomic  mass  of  titanium  is  47.90;  its  atomic  volume  is  10-7,  and 
it  has  isotopes  with  mass  numbers  of  45,  47,  48,  49,  and  50.  Hew 
unstable  titanium  isotopes,  Ti^,  Ti^,  and  Ti^1  have  recently 
been  created. 

Titanium  exists  in  two  crystall4". '  modifications,  a  and  0. 

The  polymorphic  transformation  temperature  of  titanium  depends  on 
the  amount  of  impurities  in  it:  for  the  pure  metal,  it  is  832. 5° C. 
The  low-temperature  modification  (a-titanium)  has  a  hexagonal 
lattice  with  dense  packing  of  the  atoms.  The  constants  of  the 
crystal  lattice  are  aQ  ■  2.95111  £  +  6  *  10~^;  cQ  *  4.68433  + 

*  10  •  10~^;  c/a  *  1.5873  C 32 3 •  The  lattice  constants  of  a-titar - 
ium,  and  especially  c,  increase  when  small  amounts  of  oxygen  or 
nitrogen  are  absorbed,  a  process  accompanied  by  the  formation  of 
solid  solutions  of  oxygen  and  nitrogen  in  the  titanium.  The  high- 
temperature  modification  (0-titanium)  has  a  body-centered  cubic 
lattice.  Its  constant  a  is  3-3065  +  0.0001  \  at  900  +  5°C.  The 
volume  change  on  the  a  ♦  0  transformation  is  5»5>. 

The  density  of  pure  a-titaniura  at  25°C  is  4.507  g/cir^ ,  that 
of  0-titanium  at  900°C  is  4.32  g/cm^,  and  that  of  molten  (commer¬ 
cial)  titanium  at  the  crystallization  point  is  4,11  g/cm^. 
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oi-titanium  is  5-28  +  2.4  T  •  lo~3  eal/y  i  ’  ’6  Speeifle  heat  of 
titanium  is  -8.00  cal/fmole-cU^ ,  and  ttat^h*  ^  °f  m°lten 
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has  toon  proposed  for  the  vapor  pressure  of  utanl™,  i„  the  tee,- 
perature  range  Trom  1377  to  <.537°C. 

Titanium  has  a  surface  tension  of  1588  dynes-o.'1  at  the 

TTcTlrT^  ,I"PUrit>  °°m'nK  l"  «>•  -W.  in  t-  0.008  Ps, 
0.002  Al,  0.0001  Mn  [36]. 

According  to  some  sources,  the  thermal  conductivity  coeffi- 

K  !"V*  tl*aalm  de.c[eases  •*»  increasing  temperature  from  3-7  * 
10  cal/(em.S.deg  *)  at  50°C  to  3-1  •  10~2  ^/(cm-s-deg^)  at 

’  acf°rd‘nS  t0  °ther  sources,  it  is  4.06  *  lcT2  at  O'5  and 

/':2  a;,f00°C;  bef*nnin«  **  this  temperature,  it  rises  to 
'  10  cal/(cm*s -deg  A)  at  600°C. 

The  resistivity  of  titanium  at  20°C  is  about  42  •  io“6  ft ,em. 
approximately  triples  toward  800°C,  and  according  to  other 

882Ucr  IV*  182  ’  10  n*Cm  ^  ^  +  6  ^nsition,  i--.  at 

2  C.  Titanium  has  a  temperature  coefficient  of  resistivity  of 
5.5  •  10  3  fl*cm/deg  [37]. 
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Influence  of  Temperature  on  the  Mechanical  Properties 

of  Titanium 

(Cold-rolled  sheet  reduced  50K) 
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Titanium  is  paramagnetic;  its  mass  susceptibility  is  (3-2  + 

+  0.4)  *  10 [38].  The  coefficient  of  Hall  effect  for  a-titan- 
ium  is  (+1.82  +  0.2)  •  10~13  [333- 

The  chemical  composition  and  mechanical  properties  of  titan¬ 
ium  sponge  are  determined  to  a  substantial  degree  by  the  method 
used  to  produce  it,  and  by  the  technology  used  to  purify  the 
reaction  mass.  The  most  characteristic  data  on  the  chemical  com¬ 
position  and  mechanical  properties  of  titanium  sponge  produced 
by  metallothernrt «  methods  are  given  in  Chapters  l1*  and  16.  These 
chapters  also  Include  data  on  the  influence  of  the  main  impurities 
on  the  mechanical  properties  of  titanium  sponge- 

The  influence  of  temperature  on  the  mechanical  properties  of 
titanium  is  indicated  in  Table  2. 

Titanium  is  distinguished  by  low  creep  resistance  in  spite  of 
its  high  recrystallization  and  melting  points.  Annealed  titan¬ 
ium  has  the  strongest  tendency  to  creep.  Cold  rolling  increases 
the  <.  \jep  resistance  of  titanium,  as  well  as  its  yield  point.  A 
creet  rate  of  O.OOOlJ/h  is  reached  under  a  stress  representing 
80*  of  the  yield  point  in  cold-rolled  titanium  and  at  50-60S  of 
the  y*  -Id  point  in  the  annealed  material.  The  creep  rates  of 
titanium  and  other  structural  materials  are  compared  in  Pig.  1. 

It  follows  from  these  data  that  the  yield  point  cannot  be 
us*-!  as  a  design  characteristic  for  titanium,  especially  when  it 
is  necessary  to  apply  static  loads  over  the  long  term.  Titanium 
can  be  used  when  stresses  near  the  yield  point  operate  only 
briefly.  Titanium-based  alloys  exhibit  higher  resistance  to  creep, 
arid,  this  property  can  be  improved  still  further  by  heat  treatment. 
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TABLE  3 

Mechanical  Properties  of  Titanium  Compared  with  Those  of  Other  High- 
Melting  Metals  and  Structural  Alloys 
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Data  for  snagnesiothermlc  titanium  containing  0.15*  Fe,  0.02*  Si,  0.05*  0 
0.05*  N_,  and  0.0U*  Ca. 
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creep  race  In  second  stage,  If h 


Figur-;  1.  Comparison  of  minimum  creep 
rates  of  titar;ium  and  other  structural 
metals.  1)  Normalized  low-carbon  steel; 

2)  18-8  stainless  st  'el;  3)  scattering 
range  for  cold-rolled  titanium;  4)  scat¬ 
tering  range  for  annealed  titanium;  5) 
annealed  titanium  sheet,  with  the  grain; 

6)  annealed  titanium  sheet,  across  the 
grain;  7)  cold-rolled  titanium  strip,  with 
the  grain;  8)  cold- rolled  titanium  strip 
vacuum-annealed  at  8l8cC,  across  the 
grain. 


The  chemical  stability  of  titanium  will  be  discussed  oelow, 
along  with  the  properties  of  titanium-based  alloys. 

The  mechanical  properties  of  iodide  titanium:  *  26.7-33.7 

kgf/mm2,  os  *  14.0-16.9  kgf/mra2,  6  »  40-55*,  ^  *  60-75* »  E  » 

*  10,900  Kgf/mm2,  hardness  73  C 333 »  Table  3  compares  the 

mechanical  properties  of  titanium  with  those  of  other  high-melting 
metals  and  structural  alloys  [333* 

Comparatively  detailed  analyses  of  technical  titanium  and 
motal  refined  by  the  iodide  method  are  given  in  Table  4  [32]. 
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Chapter  3 

BASIC  INFORMATION  ON  TITANIUM  ALLOYS 

It  follows  from  the  data  given  above  that  titanium  exhibits 
high  strength  and  hardness  and  good  plasticity  combined  with  low 
density.  As  Table  3  shows,  the  specific  strength  of  titanium  is 
superior  to  that  of  many  structural  materials.  Titanium  also 
has  a  high  melting  point,  a  necessary  condition  for  acquisition 
of  alloys  with  high  hot  strength.  The  small  linear  expansion 
coefficient  of  titanium  enables  it  to  perform  reliably  under 
temperature-cycling  conditions.  Its  excellent  corrosion  resis¬ 
tance  makes  it  possible  to  use  titanium  in  many  aggressive  en¬ 
vironments. 

A3  regards  its  machinability ,  titanium  resembles  type  18-8 
stainles  steel;  it  can  be  subjected  to  all  types  of  mechanical 
working  and  can  be  welded  in  various  ways  (with  certain  precau¬ 
tionary  measures).  The  surfaces  cf  titanium  products  can  be 
strain-hardened  by  various  methods  and  oxide  films  can  be  formed 
on  them  electrolytlcally . 

Along  with  Its  advantages,  titanium  has  a  number  of  short¬ 
comings.  One  of  them  is  its  low  modulus  of  normal  elasticity, 
which  makes  it  difficult  to  design  rigid  and  stable  structures. 

In  many  cases,  thi3  makes  it  necessary  to  design  heavier  products, 
with  the  result  that  the  weight  economy  associated  with  the  low 
density  of  titanium  is  lost  [39].  In  certain  cases,  however,  the 
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comparatively  moderate  elastic  moduli  of  titanium  and  its  alloys 
can  be  regarded  as  an  advantage,  since  it  enables  us,  for  example, 
to  lower  the  stresses  that  arise  under  alternating  loads  and  the 
magnitude  of  the  thermal  stresses  that  arise  when  the  structure 
is  heated.  The  low  thermal  conductivity  of  titanium  has  a  detri¬ 
mental  influence  on  its  use  properties,  lowering  thermal-cycle 
stability.  This  deficiency  is  offset  to  a  certain  degree  by  the 
metal's  small  coefficient  of  linear  expansion. 

As  we  noted  above,  titanium  exhibits  creep  not  only  at  ele¬ 
vated,  but  also  at  room  temperatures.  Increases  in  aircraft 
speeds  and  the  development  of  rocket  engineering,  where  the  use 
cf  titanium  is  particularly  attractive  because  of  its  low  density, 
require  a  substantial  increase  in  the  mechanical  strength  of 
titanium  at  elevated  temperatures,  or,  in  other  words,  the  de¬ 
velopment  of  titanium  alloys  with  higher  hot  strength.  It  also 
came  to  be  required  of  titanium  that  it  exhibit  certain  proper¬ 
ties  at  extremely  lew  temperatures. 

At  the  present  time,  titanium  is  used  preferentially  not  In 
the  technical  form,  but  in  titanium-based  alloys.  The  polymor¬ 
phism  of  titanium,  the  good  solubility  of  many  elements  in  it, 
and  the  formation  of  chemical  compounds  with  variable  solubility 
make  it  possible  to  use  titanium  as  a  base  for  many  alloys  with  a 
variety  of  structures  and  properties.  For  example,  the  ultimate 
strength  of  titanium  can  be  raised  by  alloying  and  heat  treatment 
from  50  kgf/mm2  in  unalloyed  titanium  to  150  kgf/mm2  and  higher 
in  modern  heat-hardenable  alloys.  Ultimate  strengths  of  150 
kgf/mm2  and  higher  are  attainable  only  in  special  high-alloy 
steels.  However,  if  their  specific  strengths  are  compared  with 
those  of  titanium  alloys,  the  latter  are  found  to  have  the  ad¬ 
vantage,  3ince  they  are  superior  to  all  other  structural  mate¬ 
rials  in  this  respect.  The  specific  strengths  of  titanium  alloys 
range  up  to  33. ll,  and  those  of  high-strength  structural  steels 
to  19.2.  To  compare  with  the  titanium  alloys  in  specific  strength, 
a  steel  would  have  to  have  an  ultimate  strength  of  the  order  of 
250-260  kgf/mm2.  However,  such  a  steel  would  lack  technological 
plasticity.  The  superiority  of  titanium  alloys  over  high-strength 
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Figure  2.  Influence  of  alloying  additives  on: 
a)  ultimate  tensile  strength  of  iodide  titan¬ 
ium;  b)  hardness  of  iodide  titanium;  e)  recrys¬ 
tallization  point  of  iodide  titanium. 
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steels,  and  over  aluminum  and  magnesium  alloys  as  well,  persists  oxidat. 

over  a  broad  temperature  range  -  up  to  400-500  and  even  600° C,  fche  lai 

At  300-350*0,  titanium  alloys  are  ten  times  stronger  than  alumi-  system 

num  alloys,  and  existing  aluminum  and  magnesium  alloys  are  totally  oxygen, 

useless  at  higher  temperatures.  substar 

As  a  result  of  research  conducted  over  the  last  few  years,  *s  TeVi 

it  has  been  established  that  the  working  temperatures  of  titan-  because 

lum  alloys  can  be  raised  substantially,  and  in  some  cases  brought  nitride 

close  to  those  of  iron-  and  nickel-based  hot-strength  alloys  [38].  as  comP 

Titanium  is  capable  of  dissolving  almost  all  elements  of  the  T*1 

periodic  system  At  t2,?  present  time,  however,  aluminum,  chrom-  alloyed 

ium,  molybdenum,  vanadium,  manganese,  tin,  copper,  niobium,  tanta-  thermal 

lum,  iron,  tungsten,  and  silicon  are  of  the  greatest  practical  berylli 

importance  as  alloying  additives  to  titanium.  They  form  3ub-  a 

stitutional  solid  solutions  with  titanium.  Figure  2  shows  the  condi ti 

effects  of  certain  alloying  elements  on  the  mechanical  proper-  ium  an<i 

ties  of  titanium.  causing 

The  basic  nonmetallic  impurities,  which  include  oxygen,  film  on 

nitrogen,  hydrogen,  and  carbon,  form  Interstitial  solid  solutions  V&ae  of 

with  titanium.  Dissolving  in  the  metal,  they  distort  its  crys-  on  t,ie  1 

tal  lattice,  increase  interatomic-bond  rig5.dity,  and  lower  the  dispers. 

capacity  of  the  granules  for  plastic  deformation.  As  a  result,  iri  l6* 

the  hardness  and  strength  of  titanium  increase  under  the  influ-  A  ( 

ence  of  these  impurities,  and  its  plasticity  decreases.  To  se-  at  this 

cure  an  additional  strength  lncrjase  in  titanium,  its  oxygen  con-  high  the 

tent  is  sometimes  increased,  as  by  introducing  a  calculated  amount  velopmer 

of  titanium  dioxide  into  the  charge  in  the  ingot-making  process  titaniun 

[40].  The  same  effect  is  obtained  by  introducing  a  certain  amount  520°C;  f 

of  oxygen-enriched  scrap  into  the  ingot  charge  (see  Chapters  20  to  680oC 

and  21).  num  rais 

An  oxygen  Impurity  raises  the  melting  point  of  titanium.  It  does  man 

is  a  highly  active  o-stabilizer  and  raises  the  temperature  of  tanium  c 

the  allotropic  transformation  by  a  substantial  margin.  Oxidation  1000°C  [ 

of  titanium  begins  in  an  oxygen  environment  at  250°C  and  accele-  The 

rates  with  rising  temperature  [4l],  The  laws  governing  the  titanium 

line  fra 
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oxidation  of  titanium  in  air  and  oxygen  are  complex,  because  of 
the  large  number  of  oxides  that  exist  in  the  titanium-oxygen 
system  and  because  of  titanium's  large  capacity  for  dissolved 
oxygen.  On  heating  to  1100°C  in  oxygen,  titanium  oxidizes  at  a 
substantially  higher  rate  than  it  does  in  air,  but  the  situation 
is  reversed  above  this  temperature.  To  a  certain  extent,  this  is 
because  of  the  lower  diffusion  rates  of  nitrogen  and  titanium 
nitride  in  titanium,  but  the  lower  stability  of  titanium  nitride 
as  compared  with  the  oxides  of  titanium  is  also  a  factor. 

The  oxidation  resistance  of  titanium  increases  when  it  i3 
alloyed  with  aluminum  and  tungsten  and  also  when  it  is  given 
thermally  diffused  coatings  of  aluminum,  boron,  silicon,  and 
beryllium. 

A  number  of  studies  have  been  devoted  to  determining  the 
conditions  under  which  an  explosive  reaction  occurs  between  titan¬ 
ium  and  oxygen.  It  has  been  established  that  the  basic  factor 
causing  Ignition  of  titanium  in  oxygen  is  failure  of  thf  oxide 
film  on  the  titanium,  which  allows  oxygen  free  access  to  the  sur¬ 
face  of  the  metal.  The  titanium-oxidation  reaction  rate  depends 
or.  the  oxygen  pressure  in  the  system,  temperature,  the  degree  of 
dispersion  of  the  titanium,  and  the  presence  of  alloying  additives 
in  It. 

A  certain  critical  pressure  corresponds  to  each  temperature; 
at  this  pressure,  the  rate  of  formation  of  titanium  oxide  is  so 
high  that  a  disordered  structure  that  doe3  not  inhibit  the  de¬ 
velopment  of  the  oxidation  reaction  is  formed.  Fine-grained 
titanium  (53-75>  urn)  ignites  in  oxygen  at  standard  pressure  and 
520°C;  for  the  alloys  with  manganese,  the  ignition  point  rises 
to  680°C  at  a  manganese  content  of  10-12*;  alloying  with  alumi¬ 
num  raises  the  ignition  point  of  the  powder  even  further  than 
does  manganese  [42],  The  critical  pressure  for  ignition  of  ti¬ 
tanium  chips  at  150°C  in  oxygen  is  3  atm*  or  1  atm  in  air  at 
1000°C  [433- 

The  critical  oxidation  pressure  required  to  ignite  compact 
titanium  with  no  protective  oxide  film,  e.g.,  on  a  fresh  crystal¬ 
line  fracture,  i3  8  atm  at  300°C  and  1.4  atm  at  1000°C  [44].  In 
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contact  with  liquid  oxygen,  titanium  ignites  only  when  some  of  the  Ni 

oxygen  vaporizes  at  the  titanium  surface,  as  under  the  influence  its  con 

of  heat  generated  on  impact  [^51-  the  peri 

Oxygen  dissolves  irreversibly  in  titanium  and  is  practically  Lil 

impossible  to  remove  from  the  metal,  although  there  have  been  a  and  rali 

number  of  proposals  and  jatents  on  this  problem.  sharply. 

Hydrogen  is  a  detrimental  impurity  in  titanium  in  practically  3ot 

any  quantity,  since  it  lowers  impact  strength  substantially  and  phase  c: 

increases  notch  sensitivity  sharply.  the  cons 

r  tjS  2  * 

The  figure  usually  cited  as  a  permissible  hydrogen  content 
in  titanium  is  0.012-C.015* ;  the  content  should  be  held  at  or  be-  The 

low  0.007 S  to  ensure  good  properties  in  the  titanium.  from  20 

Dep‘. uding  on  temperature,  as  much  as  1.5  to  2J  of  hydrogen  okaya 

may  dissolve  in  titanium.  Its  solubility  ir.  a-titanium  at  325°C  grain 

is  about  0.235,  but  it  drops  practically  tc  zero  at  room  tempera-  fining  c 

ture.  All  of  the  hydrogen  is  then  bound  in  the  y -phase,  which  is  undergo® 

titanium  hydride.  Because  of  the  higher  (by  several  times)  sclu-  ^  *" 

bility  of  hydrogen  in  8-titanivm  as  conpared  with  a-titaniura,  its  ing  *n  a 

detrimental  influence  on  two-phased  (a  *  B)  alloys  or  on  alloys  ge“  cont 

witn  the  0-structure  is  weaker  than  in  the  case  of  single-phase  J"E  obvlc 

a- allays ,  since  practically  all  of  the  hydrogen  in  alloys  with  titanium 

the  a-structure  goes  to  form  titanium  hydrides,  which  precipitate  *‘,e 

out  along  grain  boundaries  or  in  the  grains  and  embrittle  the  more  v*s 

material.  In  alloys  with  the  (a  +  0)-  or  8-structure,  a  consider-  and  the 

able  part  of  the  hydrogen  is  dissolved  in  the  6-phase  and  no  Abs 

structurally  free  hydrides  are  formed  [38].  nounced 

Un'ike  oxygen  and  nitrogen,  which  dissolve  irreversibly  in  rate  at 

titanium,  hydrogen  can  be  removed  from  the  metal  by  heating  in  a  temp 

vacuum  to  temperatures  above  650°C.  The  degasification  process  tion  of 

accelerates  substantially  as  the  temperature  is  increased.  nitride 

The  oresence  of  an  electroplated  coating  or  oxide  film  on 
the  surface  of  titanium  retards  degasification,  whose  rate  is  de-  Soviet 

termined  by  the  rate  of  the  process  unfolding  on  the  surface  of  mechanic, 

the  metal  and  involving  the  escape  of  hydrogen  atoms  from  it.  The 

to  their 
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Nitrogen  has  a  stronger  effect  on 
its  content  as  a  harmful  impurity  must 
the  permissible  oxygen  content. 


titanium  than  oxygen,  and 
therefore  be  smaller  than 


Like  oxygen,  nitrogen  is  a  highly  active 
and  raises  the  temperature  of  the  allotroplc 
sharply . 


a-phase  stabilizer 
transformation  very 


3oth  nitrogen  and  oxygen  increase  the  constant  c  of  the  a- 
phase  crystal  lattice  substantially  and  have  almost  no  effect  on 
the  constant  a.  The  c/a  ratio  increases,  strength  is  improved 
substantially,  and  the  plasticity  cf  the  material  is  lowered  [38]. 

The  Interaction  of  titanium  with  nitrogen  at  temperatures 
from  20  to  300°C  was  studied  by  V.V.  Sergeyev  and  L.L.  Neroslav- 
skaya  [H7J.  The  experiments  were  made  with  titanium  powder  in 
grain  sizes  of  -2,5  +  1.6  mm  [sic]  prepared  by  electrolytic  re¬ 
fining  of  sponge  scrap.  In  the  presence  of  oxygen,  titanium 
undergoes  insignificant  nitrogen  saturation  in  the  20-300°C  tem¬ 
perature  range.  As  subsequent  temperature  rise  to  400°C  and  hold¬ 
ing  in  air  for  one  hour  results  in  a  sharp  increase  in  the  nitro¬ 
gen  content  of  the  titanium,  to  0.04J,  and  to  0.07X  at  500°C.  It 
is  obvious  that  an  oxide  film  first  Torms  In  air  and  protects  the 
titanium  from  interacting  with  nitrogen  to  a  considerable  degree. 
The  film  structure  begins  to  break  up  at  400°C,  and  this  permits 
more  vigorous  reaction  between  the  surface  layers  of  the  titanium 
and  the  nitrogen. 

Absorption  or  nitrogen  from  a  nitrogen  atmosphere  is  pro¬ 
nounced  at  50°C.  When  the  temperature  is  raised  to  150°C,  the 
rate  at  which  titanium  aosorbs  nitrogen  rises  markedly.  A  further 
temperature  rise  to  500°C  has  little  influence  on  nitrogen  satura¬ 
tion  of  titanium,  apparently  because  of  the  low  solubility  of  the 
nitride  film  in  the  titanium. 


The  chemical  compositions  and  conventional  designations  of 
Soviet  structural  iicanium  alloys  are  given  in  Table  5,  and  their 
mechanical  and  physical  properties  in  Table  6  [48] . 

The  technological  properties  of  titanium  alloys  3re  related 
to  their  structures.  The  structure  may  be  that  of  the  pure  o- 
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TABLE  5 

Chemical  Composition  and  Conventional  Designations  of 
Soviet  Titanium-Based  Alloys 


•All  of  the  alloys  may  contain  no  more  than  O.H  C, 

0.05%  N2,  and  0.015%  H2- 

••Composition  according  to  [58]. 

phase ,  the  pure  S-phase,  a  mixture  of  these  phases,  a  eutectoid, 
or  chemical  compounds.  All  alloying  elements  can  be  broken  down 
into  three  groups  on  the  basis  of  their  influence  on  the  polymor¬ 
phic  transformation  in  titanium:  a-stabilizers ,  which  raise  the 
temperature  of  this  transformation,  B-3tabilizers ,  w'riich  lower  it, 
and  alloying  additives  that  have  little  Influence  on  this  tem¬ 
perature  and  are  known  as  neutral  hardeners.  Figure  3  [49]  pre¬ 
sents  a  classification  of  alloying  elements  based  on  this  cri¬ 
terion.  The  o-stabilizer  used  in  practice  is  aluminum.-  S-stabl- 
lisers  include  iron,  chromium,  molybdenum,  and  certain  other 
metals;  tin  and  zirconium  are  neutral  hardeners.  Titanium  alloys 
can  be  classified  roughly  into  three  groups  in  accordance  with 
the  above. 

Alloys  with  the  a-structure.  These  include  the  VT5  and  VT3-1 
.alloys.  The  most  important  property  of  alloys  with  the  n-struc- 
ture  is  their  good  weldability  by  argon-shielded  tire  welding  and 
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Figure  3.  Diagram  showing  classification  nr 

SBsSJW'sa  *  Sr- 

Qf  +  g-structure.  This  group  includes  alloys 

of  the  martensite  type,  in  which  the  S-phase  exists  only  at  ele- 
temperatures.  and  two-phased  alloys,  l„  which  the  H-phase 
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may  persist  in  certain  quantities  even  at  room  temperature.  Mar¬ 
tensite-type  alloys  contain  aluminum  as  the  predominant  alloying 
additive  and  a  small  amount  of  a  8-stabillzer.  This  group  in¬ 
cludes  the  alloys  OW-1,  0T4,  and  VT4.  They  have  approximately 
twice  the  strength  of  unalloyed  ti;ar.iun,  but  retain  it  only  up 
to  about  430°C.  To  a  substantial  degree,  these  alloys  retain  the 
advantages  of  a-structured  alloys;  their  weldability  and  thermal 
stabilities  are  rather  good.  Owing  tc  the  appearance  of  the  duc¬ 
tile  8-phase  at  comparatively  moderate  heating  temperatures,  the 
alloys  of  this  group  are  easier  technologically  and  pressworking 
produces  better  results.  Alloys  0T4  and  0T4-1  are  now  the  most 
commonly  used  sheet  alloys.  The  martensite-type  alloys  have  a 
drawback  in  that  they  have  no  capacity  for  hardening  heat  treat¬ 
ment. 

A  further  increase  in  the  8-stabilizer  content  produces  two- 
phased  alloys  with  higher  strength  properties  at  room  and  ele¬ 
vated  temperatures  but  poorer  response  to  welding  than  the  mar¬ 
tensite-  type  or  a-structured  alloys.  For  this  reason,  the  two- 
phased  alloys  are  used  for  the  production  of  all  types  of  semi¬ 
finished  produces. 

The  gjeup  of  two-phased  alloys  includes  the  hot-strength  al¬ 
loys  VT3,  VT3-1,  VT6,  VT8,  and  VT14.  The  VT6  alloy  can  also  be 
used  in  the  form  of  sheets,  3ince  it  i3  the  most  easily  welded 
alloy  of  the  two-phased  subgroup.  The  VT3-1  and  VT6  two-phased 
alloys  can  be  hardened  by  quenching  and  aging. 

Alloys  with  the  8-structure.  This  group  includes  titanium 
alloys  into  which  so  much  8-stabilizer  ha3  been  injected  that 
they  consist  entirely  of. the  B-phase  after  quenching  or  even  after 
annealing.  Alloy  VT15  belongs  to  this  group. 

Alloys  with  the  8-structure  offer  great  promise  for  further 
development,  since  they  combine  good  technological  plasticity  with 
very  high  strength  and  excellent  weldability.  In  the  as-quenche-d 
state,  they  submit  well  to  all  shape-changing  operations  (bending, 
stamping),  and  this  makes  it  possible  to  use  them  to  fabricate 
complex-shaped  products.  These  products  can  be  endowed  with  high 
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strength  by  artificial  aging.  As  a  result,  strengths  of  140-150 
2 

kgf/mm  coupled  with  satisfactory  workability  are  well  within 
reach  for  the  ^-structured  alloys. 

TABLE  7 
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Mechanical  Properties  of  Titanium  Alloys  at  Ele¬ 
vated  Temperatures 
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•With  the  grain. 

The  development  of  heat-hardenable  alloys  is  an  important 
trend  in  tltar.ium-alloy  development,  especially  for  semifinished 
sheet  products;  assimilation  of  such  alloys  will  make  it  possible 
to  broaden  the  field  of  application  of  titanium  [38]. 
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The  mechanical  properties  of  certain  titanium  alloys  at  ele¬ 
vated  temperatures  are  listed  In  Table  7  f38].  The  characteris¬ 
tics  of  unalloyed  titanium  (YT1 )  are  given  for  comparison. 

The  maximum  use  temperature  of  a  given  titanium  alloy,  which 
corresponds  to  the  temperature  at  which  it  recrystallizes,  can  be 
determined  tentatively  by  A. A.  Bochvar’s  formula 


where  l'r  is  the  recrystallization  temperature  in  °K  and  Tm  is 
the  melting  point  in  °K. 

For  technically  pure  titanium,  k  *  O.36;  the  value  of  k  can 
be  increased  to  0.5  by  alloying  the  titanium,  e.g.,  with  8)C  A1  and 
4*  Mo.  Thi3  raises  the  maximum  use  temperature  of  this  alloy  from 
420  to  690° C. 

The  possibilities  of  alloying  titanium  to  Increase  the  coef¬ 
ficient  k  are  still  far  from  exhausted.  Development  of  titaniur.- 
based  alloys  capable  of  working  over  the  long  term  at  temperatures 
of  850-900°C  is  a  distinct  possibility  [38].  Some  Soviet  scien¬ 
tists  take  the  view  that  the  normal  and  high-temperature  strengths 
of  titanium  alloys  increase  when  a  solid  solution  containing  many 
atoms  of  different  species  i3  present  in  them. 

Certain  titanium  alloys  are  subject  to  requirements  calling 
for  retention  of  high  mechanical  properties  at  cryogenic  tempera¬ 
tures. 

At  -196°C,  alloys  VT5  and  VT6  show  a  substantial  increase  in 
ultimate  strength  (140  and  165  kgf/mm2,  respectively),  but  their 
terminal  elongations  decline  to  3X-  However,  there  are  known 
alloys  that  exhibit  high  plasticity  and  toughness  at  -196°C-  For 
example,  the  mechanical  properties  of  the  ternary  alloy  with  4* 

A1  and  4?  V  at  this  temperature  were  found  to  be  as  follows :  * 

*  149  kgf/mm2,  6  -  10X,  *  *  . 5% ,  »k  *  5.5  kgf*m/cmw.  An  alloy 

of  titanium  with  aluminum  and  molybdenum  also  retains  good 
mechanical  characteristics  at  this  temperature  [50]. 
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Alu>  inum  is  also  one  of  the  basic  alloying  components  in 
American  titanium  alloys.  In  some  alloys,  iron  is  injected  as 
an  alloying  additive.  One  of  the  alloys  is  injected  with  ‘".25? 
of  oxygen  in  additic  to  chromium  and  iron.  There  are  alloys  with 
numerous  alloying  components,  each  present  in  a  modest  content; 
as  an  example,  we  might  mention  T1-155A,  whose  composition  is  Ti- 
5 . 5 Al-1. 5Cr-l . 5Mo-l . 5Fe . 

Many  American  alloys  with  the  a-structure  contain  small  (1- 
2f)  additives  of  one  or  tvjo  isomorphic  P-stabilizers :  vanadium, 
molybdenum,  niooium,  r»r  tantalum.  It  has  been  reported  that 
smail  cobalt  and  silicon  additives  improve  multicomponent  alloys. 
The  alloys  T1-6A1-4V;  ^i-pAl-2 . 5Sn;  Ti-13V-llCr-3Al;  Ti-8Al-lMo- 
IV;  Ti-6Al-6V-2Sn;  Ti-5Al-5Sn-5Zr  and  others  have  come  into  exten¬ 
sive  use.  More  than  25  different  alloys  are  produced  on  an  indus¬ 
trial  scale  [49,  51-53]. 

TABLE  8 

Mechanical  Properties  of  Certain  American  Titanium 
Alloys  at  Normal  Temperatures 
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The  mechanical  characteristics  of  certain  American  titanium 
alloys  appear  in  Table  8  [38,  51*]. 

In  1965-66,  the  USA  produced  titanium  and  titanium-alloy 
semifinished  products  in  the  following  relative  quantities: 

FTD-HC-23- 352-69  31 


forgings  z 
22%;  bars 

The  r 
talist  cot 
considerab 
no  fundame 
USA-  We  n 
with  a  sma 
ening.  It 
form  and  i 
values,  af 
multicompo 

A ,  co 
startia'ily 
the  alloyi 
proved  sub 

Titan 
strength. 
0.58  of  th 
smooth  and 
endurance 
spending  f 
of  titanlu 
substantia 

Titan 
This  short 
metals.  A 
superior  r 
nltrided  f 

Phase 
of  the  che 
menko  [41 ; 


FTD-HC-23- 


1 


'nts  in 
cted  as 
th  0.25 3 
alloys  with 
bon  tent ; 

Ion  is  Tl- 

small  (1- 
'anadtum, 
that 

nt  alloys. 
-SAi-lMo- 
Into  exten- 
i  an  Indus- 


titanium 

alloy 
os : 


forgings  and  stamped  blanks 
22%)  bars  and  wires  19-223; 


55-573;  plates,  sheets,  and  ribbon  1?- 
plpes  and  extruded  shapes  2-33. 


,be  nomenclature  of  titanium  alloys  produced  in  other  capi¬ 
talist  countries  (Great  Britain,  West  Germany,  Prance,  Japan)  is 
considerably  narrower  than  that  of  the  USA,  but  the  alloys  show 
no  fundamental  composition  differences  from  those  produced  in  the 
A.  We  might,  however,  take  note  of  a  British  alloy  of  titanium 
with  a  small  amount  of  copper  (2-3?)  and  lntermetallic-type  hard¬ 
ening.  It  exhibits  good  technological  plasticity  in  the  annealed 
form  ana  its  strength  is  increased,  although  not  to  very  high 
values ,  after  quenching  and  aging.  Copper  is  also  used  in  the 
multicomponent  alloy  Tl-Sn-Cu-Al-Mo. 


As  compared  with  unalloyed  titanium,  the  alloys  exhibit  sub¬ 
stantially  higher  creep  resistance  owing  to  the  introduction  of 
the  alloying  additives.  In  many  cases,  this  property  can  be  im¬ 
proved  substantially  by  heat  treatment. 

Titanium  and  its  alloys  are  distinguished  by  good  fatigue 
strength.  On  the  average,  their  endurance  limits  range  up  to 
C.58  of  their  ultimate  strengths.  The  relationships  observed  in 
smooth  and  notched  titanium  and  titanium-alloy  specimens  between 
endurance  limit  and  ultimate  strength  are  similar  to  the  corre¬ 
sponding  figures  for  most  structural  steels.  The  endurance  limits 
of  titanium  alloys,  like  their  other  strength  properties,  rise 
substantially  at  very  low  temperatures  (-19 6°C). 

Titanium  alloys  give  poor  friction  and  wear  performance. 

This  shortcoming  is  mitigated  by  coating  the  titanium  with  other 
metals.  Application  of  a  layer  of  electrolytic  nickel  has  given 
superior  results  [38].  The  surfaces  of  titanium  products  are 
nitrided  for  the  same  purpose. 

Phase  diagrams  of  the  systems  formed  by  titanium  with  many 
of  the  chemical  elements  are  given  in  the  works  of  V.N.  Yere¬ 
menko  [41]  and  Ye.K.  Molchanova  [46], 
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Chapter  4 

CORROSION  RESISTANCE  OF  TITANIUM  AND  SOME  OF  ITS  ALLOYS 

Many  Soviet  and  foreign  studies  [55-58,  66,  and  others]  have 
been  devoted  to  the  corrosion  stability  of  titanium.  We  shall 
therefore  set  forth  briefly  below  only  the  basic  data  on  which 
the  applications  of  titanium  and  its  alloys  are  based. 

Titanium,  as  a  chemical  element,  i3  highly  active  and  read¬ 
ily  capable  of  combining  with  various  substances.  At  the  same 
time,  it  exhibits  good  corrosion  resistance  in  many  aggressive 
environments.  It  i3  superior  in  corrosion  resistance  to  stain¬ 
less  steels  and  other  corrosion-resisting  materials.  The  resis¬ 
tance  offered  by  titanium  to  many  aggressive  media  is  comparable 
to  that  of  platinum  under  the  same  conditions. 

The  basic  criterion  of  a  metal's  corrosion  resistance  is  its 
standard  electrode  potential.  The  more  negative  this  potential, 
the  lower  will  be  the  corrosion  resistance  of  the  metal  in  ques¬ 
tion.  Like  aluminum,  magnesium,  iron,  and  some  other  metals, 
titanium  has  an  irreversible  electrode  potential.  It3  theoreti¬ 
cal  value  ranges  from  -1.21  to  -1.30  V  for  Ti/Ti^+,  while  direct 
experiment  was  indicated  values  from  -0.35  to  -0-37  V  and  even 
higher.  The  theoretical  standard-potential  value  gives  an  idea 
of  the  corrosion  resistance  of  titanium  under  primary  ideal  con¬ 
ditions  that  excludes  the  passivating  effect  of  the  environment, 
which  would  otherwise  result  in  polarization  processes,  formation 
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of  protective  film,  anj  the  other  phenomena  that  aooo.pan,  elec- 
trochemical  corrosion. 

The  stability  of  titanium  in  aggressive  environments  results 
from  the  formation  of  various  types  of  films  on  its  surface.  rn 
oxidizing  media,  the  protective  film  is  composed  of  titanium 
dioxide.  Formation  of  this  film  is-  promoted  by  nitric  acid, 
cnlorine  dioxide,  cupric  chloride,  ferric  chloride,  and  sodium 
hypocnlorite.  Films  with  other  compositions  may  be  formed  in 
other  environments.  For  exam, pie,  in  hydrofluoric  acid  or,  to  a 
lesser  degree,  in  hydrochloric  acid,  a  film  of  titanium  hydride 
TiH2  forms  on  the  surface  of  the  metal. 

Titanium  alloys  are  considered  stable  at  corrosion  rates  up 
to  0.05  s/(m  •h)(*0.1  mm/year),  of  reduced  stability  uc  to  0.5 
sAm  -h)(VL  mm/year),  and  unstable  up  to  5.0  5/(m2.h)<M0  mm/year). 

The  resistance  of  titanium  to  mineral  acids  varies.  It  is 
stable  in  nitric  acid  if  the  surface  of  the  metal  is  protected 
from  mechanical  damage?  the  stability  of  titanium  in  sulfuric, 
hydrochloric,  and  phosphoric  acids  depends  on  the  concentration 
of  the  acid  and  on  temperature.  The  corrosion  rates  in  hydro¬ 
chloric  and  phosDhorie  acids  increase  with  rising  acid  concentra¬ 
tion  and  temperature;  a  more  complex  dependence  is  observed  in 
sulfuric  acid. 

Titanium  Is  unstable  in  hydrofluoric  acid,  even  in  the  most 
dilute  solutions.,  owing  to  the  formation  of  readily  soluble  com¬ 
plex  fluorine  compounds.  Pew  organic  compounds  act  on  titanium; 
solution.-  of  oxalic  and  trichloroacetic  acids,  in  which  it  is  un¬ 
stable  owing  to  formation  of  complex  compounds,  are  an  exception. 

Titanium  exhibits  high  corrosion  stability  in  alkalis,  solu¬ 
tions  of  calcium  and  sodium  hypochlorites,  and  in  moist  chlorine. 
Titanium  is  characterized  by  high  stability  in  sea  water  and  in 
solutions  of  almost  all  chlorides  at  normal  and  elevated  tempera¬ 
tures  (except  for  saturated  solutions  of  aluminum  chloride  and 
zinc  chloride). 

Intergranular  and  pitting  corrosion  are  not  cnaracteristic 
for  titanium  (fuming  nitric  acid  containing  more  than  20*  of 
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nitrogen  oxides  is  an  exception);  no  crevice  corrosion  has  been 
observed  in  long-term  tests. 

Titanium  also  shows  nc  corrosion  when  placed  under  stress 
in  many  media  (exception:  fuming  nitric  acid).  Titanium  resists 
cavitational  erosion  and  fatigue  corrosion. 

The  following  supplementary  remarks  may  be  made  in  connec¬ 
tion  with  each  of  the  above  groups  of  compounds. 

Detailed  study  of  the  corrosion  rate  of  titanium  in  nitric 
acids  of  various  concentrations  has  shown  that  silicon  dioxide, 
which  is  abooroed  by  the  acid  from  glass  containers,  acts  as  a 
corrosion  inhibitor.  It  was  established  from  tests  in  titanium 
containers  that  titanium  corrodes  most  rapidly  in  40*  nitric 
acid;  corrosion  increases  with  rising  temperature,  to  10  mm/year 
at  21(0oC  [59].  Cases  of  explosions  during  tests  of  titanium  in 
fuming  nitric  acid  have  been  reported.  Experiments  to  reproduce 
such  explosions,  together  with  metal lographic  analyses,  indicated 
that  the  explosions  were  caused  by  grain-boundary  precipitation 
of  a  dispersed  o-phase,  which  exhibits  pyrophoric  properties.  It 
has  been  reported  that  fuming  nitric  acid  is  explosive  in  contact 
with  titanium  if  it  contains  less  than  1.3?  of  water  and  core 
than  6*  of  NOj  l‘»2]. 

It  was  established  as  a  result  of  tests  conducted  in  99-5* 
HMO^  at  80°C  on  pipes  welded  up  from  various  grades  of  titanium 
that  the  stability  01'  the  metal  is  ensured  under  these  condi¬ 
tions  if  it  contains  no  more  than  0.05*  each  of  iron,  nickel, 
arid  chromium.  This  figure  is  considerably  smaller  than  that  per¬ 
mitted  by  the  technical  specifications  applied  in  the  titanium- 
producing  countries.  These  Impurities  are  stabilizers  of  B- 
titanium,  which  forms  on  overheating  of  the  weld  zones  [119]* 

Titanium  remains  stable  in  hydrochloric  acid  at  room  tem¬ 
perature  only  up  to  a  5*  concentration  of  the  acid.  When  the 
concentration  is  raised  to  10*,  the  titanium  begins  to  corrode, 
and  as  the  acid  concentration  and  temperature  are  increased  fur¬ 
ther,  the  corrosion  rate  rises  steadily  [58,  60].  The  corrosion 
of  titanium  in  hydrochloric  acid  i.s  sharply  inhibited  in  the 


FTD-HC-23- 352-69 


36 


v"**-*>- 


I 


-XL* 


V.  J?-.  - 


* 


presence  of  chlorine  [6l]. 

Except  for  the  dilute  solutions,  titanium  exhibits  low  sta¬ 
bility  in  sulfuric  acid.  The  curve  of  corrosion  rate  as  a  func¬ 
tion  of  acid  concentration  shows  two  maxima  corresponding  to  acid 
concentrations  of  i»0  and  78*,  with  the  corrosion-rate  minimum  be¬ 
tween  them  corresponding  to  the  50-65*  concentration  range.  In 
fuming  sulfuric  acid,  the  corrosion  rate  continues  to  decrease 
with  increasing  content  of  free  SC>3  up  to  the 302  point.  As  she 
temperature  of  the  sulfuric  acid  is  raised,  the  corrosion  rate 
of  titanium  rises  sharply,  especially  in  the  region  of  the  lirst 
maximum,  i.e.,  at  a  concentration  of  40*  [58,  62],  The  corrosion 
rate  of  titanium  in  sulfuric  acid  with  a  concentration  of  about 
100  g/liter  increases  in  the  presence  of  nickel  and  copper  ions 
[61,  page  139]. 

Like  other  oxidizing  reagents,  chlorine  inhibits  the  corro¬ 
sion  of  titanium  at  acid  concentrations  up  to  40*  and  temperatures 
to  90°C. 

Titanium  is  extreraely  stable  in  ferric-chloride  solutions. 
Characteristically,  the  addition  of  ferric  chloride  to  hydro¬ 
chloric  acid  sharply  inhibits  the  corr'-sion  of  titanium. 

Titanium  is  exceptionally  stable  in  sea  water.  In  which  it 
corrodes  at  a  rate  of  2.5  *  10“^  ran/year. 

Dry  gaseous  chlorine  rsact3  vigorously  with  titanium  even  at 
30°C,  but  corrosion  is  eliminated  in  the  presence  of  small  amounts 
of  moisture  (0.005*).  Titanium  is  not  observed  to  corrode  in 
moist  gaseous  chlorine  (the  rate  is  less  than  0.025  mm/year  at 
100°C). 

Minor  corrosion  damage  to  titanium  is  observed  in  moist  gas¬ 
eous  bromine  at  room  temperature .  The  reaction  takes  place  very 
slowly  in  4*  bromine  solution:  the  corrosion  rate  does  not  exceed 
0,0075  mm/year.  Liquid  bromine,  dry  or  moist,  attacks  titanium 
quickly.  The  effect  of  hydrobroaic  acid  is  insignificant. 

Iodine  vapor  reacts  with  titanium  at  relatively  low  tempera¬ 
tures  (140-150°C) .  This  reaction  is  the  basis  of  the  iodide 
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refining  process  used  for  titanium.  Iodine  solutions  have  no  cor¬ 
rosive  action  on  titanium. 

Gaseous  fluorine  reacts  with  titanium  at  elevated  tempera¬ 
tures,  but  titanium  reacts  slowly  with  anhydrous  liquid  hydro¬ 
fluoric  acid.  Pilate  hydrofluoric  acid  is  highly  reactive,  and 
the  reaction  proceeds  very  vigorously  in  a  5?  solution.  Addition 
of  nitric  acid  retards  the  corrosion  of  titanium. 

Titanium  dissolves  not  only  in  hydrofluoric  acid,  but  also 
In  acid  media  containing  the  fluorine  ion.  Since  fluorides  are 
easier  to  handle  than  hydrofluoric  acid,  sodium  fluoride  is  intro¬ 
duced  into  many  acid  etchants  for  titanium  semifinished  products 
and  to  etch  titanium  scrap  before  regeneration. 

Titanium  is  distinguished  by  good  chemical  stability  in  a 
number  of  organic  acids.  It  is  not  stable  in  a  mixture  of  glacial 
acetic  acid  with  acetic  anhydride,  in  tartaric,  formic,  and 
especially  oxalic  acids  [6l,  page  1M]. 

Titanium  corrodes  very  rapidly  in  dilute  sodium  chloride  in 
the  presence  of  air;  without  air,  the  corrosion  is  quite  insig¬ 
nificant.  Titanium  oxidizer  in  the  presence  of  air  even  under 
the  melt,  since  oxygen  diffuses  from  the  environment  through  the 
melt  to  the  metal.  An  oxide  film  with  the  composition  TiOQ  2 
forms  on  the  surface  of  the  metal  and  then  peels  off.  Corrosion 
is  insignificant  in  a  neutral  medium  even  at  temperatures  above 
100C°C. 

The  corrosion  of  titanium  in  fused  NaCI  has  also  been  studied 
in  the  presence  of  heavy-metal  salts.  Salts  of  copper,  nickel, 
cobalt,  cadmium,  and  iron  react  with  titanium.  The  titanium  sur¬ 
face  forms  a  layer  representing  the  solid  solution  with  the  metal 
of  the  salt  added  to  the  melt  (Fe,  Hi,  Co,  Cu,  and  Cd).  This 
layer  breaks  up  and  „eparater.  under  the  action  of  internal 
stresses.  The  corrosion  process  advances  much  more  rapidly  in 
air  than  in  a  neutral  medium. 

Titanium  has  satisfactory  corrosion  resistance  in  many  mol¬ 
ten  metals.  For  example,  the  corrosion  Is  below  0.1  mm/year  in 
sodium  at  600°C,  and  between  0.1  and  1  mm/year  at  800° C; 
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stahi 1 ! ty  is  of  the  same  order  in  bismuth-tin,  bismuth-lead,  and 
sodium-potassium  alleys  and  in  lithium,  magnesium,  potassium,  and 
tin  {the  above  data  pertain  to  tests  with  no  oxygen  in  the  gaseous 
phase  above  the  melt);  titanium  is  unstable  in  molten  zinc. 

In  contact  with  many  metals,  titanium  is  an  efficient  cathode 
and  detrimental  to  them.  For  example,  the  corrosion  of  soft 
steel,  aluminum,  gun  bronze  (88?  Cu,  10?  Sn,  2?  2,n),  magnesium, 
and  calcium  is  accelerated  in  contact  with  titanium  under  exposure 
to  sea  water  or  salt  mist.  Titanium  becomes  the  anodic  component 
of  the  galvanic  pair  in  sulfuric  acid  solutions  in  contact  with 
aluminum  and  stainless  steel. 

Some  of  the  corrosion  diagrams  given  by  V.V,  Andreyeva  and  V. 
I.  Kazarin  for  technical  titanium  are  reproduced  in  Pig.  4.  To 
amplify  on  the  high  activity  of  titanium  at  elevated  temperatures 
with  respect  to  oxygen,  nitrogen,  and  nydrogen,  we  should  take 
note  of  the  metal's  ability  to  react  under  these  conditions  with 
carbon  monoxide  and  dioxide,  water  vapor,  and  ammonia.  When 
titanium  is  heated  in  air,  as  before  pressworklng,  water  vapor 
present  in  the  air  may  decompose  on  the  surface  of  the  titanium 
and  saturate  the  metal  not  only  with  oxygen,  but  with  hydrogen  a.; 
well.  Incandescent  titanium  can  also  become  saturated  with  hydro¬ 
gen  in  the  presence  of  ammonia  or  other  hydrogen-containing  gases 
present  in  the  furnace  atmosphere. 

The  corrosion  stability  of  the  titanium  structural  alloys 
whose  compositions  were  given  in  Table  5  has  not  been  studied  as 
thoroughly  as  that  of  technical  titanium.  However,  available 
data  on  the  stability  of  OT4  alloy  and  on  VT3-1,  VT5,  VT5-1,  and 
VT6  permit  the  inference  that  their  stabilities  are  quite  far 
below  that  of  technical  titanium  in  a  number  of  aggressive  envi¬ 
ronments,  and  especially  ir.  hydrochloric  ami  sulfuric  acids  and 
various  organic  media.  A  similar  effect  is  also  observed  after 
high- temperature  soaking  (750-800°G),  which  is  applied  before 
pressworklng  the  metal.  The  corrosion  stability  of  the  specimens 
dropped  markedly,  but  remain  higher  in  the  technical  metal  than, 
for  example,  in  0T4  aiioy.  There  are  reports  [60]  to  the  effect 
that  the  corrosion  stability  of  this  alloy  5s  the  same  in  many 
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environments  as  that  of  technical  titanium.  According  to  foreign 
data,  the  alloy  T1-3A1-2.5V  has  the  same  stability  as  technical 
titanium  in  hydrochloric  and  sulfuric  acids. 

The  corrosion  resistance  of  welded  joints  in  technical 
titanium  and  0T4  alloy  depends  on  the  type  of  welding,  the  struc¬ 
ture  of  the  seam  metal,  and  that  of  the  around-the-t/e'id  zone.  A 
difference  between  the  corrosion  stabilities  of  the  welded  joint 
and  the  base  metal  makes  its  appearance  in  the  aggressive  media 
in  which  the  base  metal  is  in  a  state  of  "borderline  passivity. 51 
This  difference  is  not  observed  in  oxidizing  environments  -  espec¬ 
ially  oxygen  compounds  of  chlorine  -  or  in  nitric  acid.  Welded 
Joints  may  be  subject  1 1,  various  types  of  faille  in  nonoxidizing 
aggressive  media,  depending  on  the  composition  and  nature  of  the 
impurities  present  in  them  [56]. 

TABLE  9 

Mechanical  Properties  of  Annealed  Corrosion-Resistant 
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Alloyed  welding  wire  with  a  minimum  content  of  gaseous  im¬ 
purities  Is  used  to  obtain  high-quality  seams  in  welding  of  ti¬ 
tanium  alloys. 

The  higher  corrosion  resistance  of  technical  titanium  as  com¬ 
pared  with  the  structural  alloys  has  made  it  the  material  of 
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TABLE  10 

Corrosion  Stability  of  Annealed  Alloys  [Test  Time 
100  hj  corrosion  rate  in  g/(m2  •  h)] 


1 

composition  |  uaterisl 


teat  temperature,  C 
im  I  >« 


s*  Jf  J  h  j  U  is 


unalloyed 
titaniur  .  .  . 
;i  +  30«t  Mo  .  . 


TM-MiJ  T»  .  . 
Tl  ^2•;  Nb  .  .  . 


TI  +  30*  Ni  .  . 
Ti+O^n  P4  ,  . 
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sheet* 
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*The  weld  seam  was  run  crosswise  through  the  test  plate 
at  its  center. 

TABLE  11 

Stability  of  Titanium  Alloyed  with  Palladium  (0.2JC)  as 
Compared  with  Technical  Titanium 


preference  In  chemical  engineering.  However*  further  study  of  the 
properties  of  titanium  alloys  has  shown  that  there  is  a  possi¬ 
bility  of  improving  the  corrosion  resistance  of  titanium  substan¬ 
tially  by  alloying  it  without  detriment  to  the  attractive  mechani¬ 
cal  properties  of  the  alloys  or  the  highly  important  weldabilit 
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property. 


Alloying  elements  that  raise  the  corrosion  stability 
tanium  include  molybdenum,  tantalum,  zirconium,  niobium, 
noble  metals. 


of  ti- 
and  the 


When  titanium  is  alloyed  with  molybdenum,  especial*. v  at  30? 
Mo,  the  corrosion  stability  of  the  titanium  alloys  in  hydrochlor¬ 
ic,  phosphoric,  and  sulfuric  acids  rises  sharply.  Alloying  of 
titanium  with  niobium  (30?)  raises  the  corrosion  stability  of' 
titanium  alloys  in  hydrochloric  acid.  Alloys  with  niobium  are 
unstable  in  sulfuric  and  phosphoric  acids  at  150°C.  Alloys  of 
titanium  with  zirconium  (up  to  15?)  and  tantalum  (to  20?)  are 
stable  in  phosphoric  acid.  Alloying  with  these  metals  dees  not 

improve  the  stability  of  titanium  in  hydrochloric  and  3ulfuric 
acids . 


The  introduction  of  palladium  or  platinum,  even  in  small 
quantities  (no  more  than  0.1-0. 2?)  sharply  increases  the  corro¬ 
sion  stability  of  titanium  alloys  in  solutions  of  hydrochloric 
and  sulfuric  acids  at  concentrations  up  to  30?  and  temperatures 
to  100°C.  Alloying  with  tin  and  rhenium  has  not  produced  good 
results. 

Corrosion-resi3tant  tltanium-oased  alloys  with  the  following 
compositions  have  been  developed:  Ti  +  18.5?  Mo;  Ti  t  3C?  He;  TI  + 
+  20?  Ta;  Ti  +  2?  Nb ;  Ti  +  30?  Nb;  Ti  +  0.2?  Pd. 

The  mechanical  properties  of  these  alloys  are  listed  in  Table 
9,  and  corrosion-resistance  figures  in  Table  10  [57].  The  alloys 
of  the  compositions  listed  in  Table  9  can  be  deformed  and  argon- 
shielded-arc-welded  with  good  results. 

Data  on  the  stability  of  titanium  alloyed  with  palladium 
(0.2?)  are  given  in  Table  11  for  comparison  with  technical  titan¬ 
ium  [63]. 

Work  has  begun  to  investigate  the  corrosion  stability  of 
ternary  alloys.  It  has  been  shown  that  alloys  of  titanium  with 
palladium  are  improved  by  the  Introduction  of  chromium,  molyb¬ 
denum,  or  zirconium;  the  stability  of  the  titanium-molybdenum 
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alloy  is  improved  by  addition  of  5?  Cr  [58]. 

mo  general  relationships  encountered  in  this  question  are  as 
ol lows •  The  anodic  activity  of  titanium  can  be  lowered  and  its 

metals  ^  f0r  .DaSSiVatlon  Creased  by  alloying  with:  a)  noble 

in  th  ;  C'hers)*  Which  shift  the  standard  potential 

the  positive  direction;  b)  elements  that  raise  the  thermody¬ 
namic  stability  of  the  alloy  (N*  Mo) •  r)  ci„  v 

t  “iioy  Mc>'»  c)  elements  that  enhance 

ten<“ine:'  of  tUa">™  “>  Passivation  (Cr.  Zr,  Ta,  Mb,  V)  [56], 
Tho  corrosion  resistance  of  titanium  and  its  alloys  can  be 
Improved  by  ancditlnj  and  by  the  use  of  galvanic  coatings.  It 
has  been  reported  that  the  corrosion  resistance  of  titanium  allovs 

such  as  OT1  and  VT5-1,  1„  20.  sulfuric  acid  can  be  Improved  sub-' 

stantially  by  holding  the  finished  product  in  air  at  750-850°C 
for  3-6  h.  Saturation  of  the  surface  layer  with  oxygen  to  a 
depth  of  0.1-0. 3  mm  passivates  it  [6*0. 

Before  anodizing,  the  titanium  surface  is  degreased  and 
pickeled  in  an  aqueous  solution  of  a  mixture  of  1.5*  HF  and  30% 
HN03.  Anodizing  can  be  done  in  various  electrolytes,  e.g.,  20% 
sulfuric  acid.  Anodizing  substantially  improves  the  corrosion 
stability  of  titanium  and  its  alloys  in  sulfuric  and  phosphoric 
acids.,  alcoholic  bromine,  and  other  aggressive  environments. 

Application  of  galvanic  coatings  to  titanium  involves  cer¬ 
tain  difficulties  -  it  is  first  necessary  to  treat  the  piece  to 
remove  the  oxide  film  and  form  a  film  of  titanium  hydride.  Chro¬ 
mium,  nickel,  silver,  copper,  cadmium,  and  other  metal  platings 
are  applied  to  titanium  [38,  653. 
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Chapter  5 

APPLICATIONS  OF  TITANIUM 


The  possibilities  for  extensive  use  of  titanium  alloy?  as 
structural  materials  for  various  purposes  stem  from  the  singular 
properties  that  distinguish  titanium  and  its  alloys  from  other 
materials. 


TABLE  12 

Breakdown  of  Titanium  Consumption  in  the  USA 
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The  literature  on  the  problems  of  using  titanium  is  quite 
voluminous  and  is  being  added  to  continuously.  In  contrast  to 
foreign  reports  and  papers,  which  pertain  to  the  use  of  titanium 
ir.  some  narrow  field,  the  Soviet  literature  has  offered  mono¬ 
graphs  that  examine  the  problems  of  using  titanium  in  specific 
fields  of  mechanical  engineering  in  minute  detail,  setting  forth 
recommendations  for  the  machining  of  titanium,  its  welding,  etc. 
[38,  39,  55,  56,  5'j,  66,  67].  The  detailed  survey  [68],  which 
is  descriptive  in  nature,  should  be  oited  among  the  foreign 
sources  on  this  problem. 

The  consumption  of  titanium  in  various  industrial  branches 
ir.  the  USA  during  recent  years  is  characterized  by  Table  12  [121- 
124],  which  also  gives  projected  estimates. 

It  follows  from  the  data  in  Table  12  that,  despite  the  sub¬ 
stantial  increase*  in  the  civilian  uses  of  titanium,  the  industrial 
branches  servicing  the  military  will  remain  the  basic  users  of 
titanium  for  a  long  time  to  come  [76]* 

In  military  aircraft  construction,  titanium  is  used  prefer¬ 
entially  for  the  manufacture  of  engine  components  (80-90%)  -  for 
flame  tubes  and  exhaust  nozzles,  confcustion-charaber  housings, 
turbine  hoods  and  rotors .  The  limited  use  of  titanium  in  the 
fabrication  of  airframe  components  (10-20 %)  has  apparently  been 
due  to  the  inadequate  hot  strength  of  titanium  alloys.  In  1966, 
this  figure  reached  30%  as  a  result  of  the  development  of  new 
alloys. 

It  appears  that  titanium  alloys  will  be  used  more  extensively 
for  the  skins  of  supersonic  aircraft  as  their  hot  strength  is  im¬ 
proved.  It  Is  projected  that  60-90%  of  the  structures  used  in 
aircraft  capable  of  Mach  2.5-3  will  be  made  from  titanium  alloys 
[77,  78].  It  has  been  reporteJ  that  the  firm  TMCA  has  produced 
a  new  alloy  designated  Ti679»  which  contains  silicides,  for  the 
manufacture  of  Jet-engine  parts.  According  to  a  statement  from 
the  firm,  use  of  this  alloy  makes  it  possible  to  raise  the  run¬ 
ning  temperatures  of  the  engine  parts  from  *00  to  *80°C  [79]. 

Work  to  improve  the  hot  strength  of  titanium  alloys  is  being 
pushed  in  this  context  [78,  79 ]• 

*6 
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It  has  been  reported  [69]  that  substitution  cf  titanium  en¬ 
gine  parts  for  steel  ores  has  produced  the  following  weight  sav¬ 
ings:  exhaust  pipes  32?,  engine  coverings  39%,  bulkheads  and 
nacelles  25?.  In  stressed  elements,  the  weight  savings  is  in 
many  cases  even  greater,  sinoe  titanium  has  a  higher  specific 
strength  than  steel.  For  example,  the  weight  savings  is  32-91? 
for  engine  compresser  vanes  and  38-67?  for  compresser  disks. 

Many  fastening  components  for  aircraft  are  made  from  titanium. 
Substitution  of  titanium  for  steel  in  these  components  may  yield 
weight  savings  up  to  92?.  As  we  know,  a  1-kg  engine-weight  re¬ 
duction  makes  it  possible  to  save  up  to  10  kg  of  total  aircraft 
mass  by  lightening  the  fuselage. 

Use  of  titanium  alloys  made  it  possible  to  reduce  the  mass 
of  the  DC-8  airliner  by  930  kg.  This  saves  $2.6  million  over 

7  years  of  operation  of  the  airplane  [80].  In  the  XB-70A  super¬ 
sonic  airplane,  which  weighs  58  tons,  22  thousand  parts  weighing 
5.9  tons  are  made  from  titanium  alloys  [78]. 

The  effectiveness  of  using  titanium  in  Jet-engine  par-ts  in 
motion  at  high  temperatures  is  characterized  by  the  following 
comparative  figures:  the  compressor  rotor  of  a  jet  engine  failed 
at  20  thousand  rev/min  when  it  was  made  from  aluminum  (mass  1  kg), 
at  17  thousand  rev/min  when  it  was  made  from  steel  (mass  19  kg), 
end  at  25  thousand  rev/min  when  it  was  made  from  titanium  (mass 

8  kg)  [70]. 

In  civil  aircraft  construction,  as  in  the  military,  titanium 
is  still  used  for  the  most  part  to  make  engine  components  and  the 
wheels  of  the  aircraft,  which  last  several  times  longer  than  con¬ 
ventional  wheels  [71v  81]. 

In  rocket  engineering,  most  of  the  titanium  (more  than  So?) 
is  used  to  make  compre3sed-ga3  tanks,  casings  for  solid  rocket 
engines,  and  liquid-hydrogen  tanks.  Titanium  is  also  a  basic 
structural  material  for  spacecraft.  Although  titanium  rocket 
parts  now  cost  20-25?  more  than  the  corresponding  steel  compo¬ 
nents,  the  weight  savings  ranges  above  90?  [1 16 ] . 
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Prospecto  for  the  use  of  titanium  alloys  in  submarine  hulls 
have  improved  with  mastery  of  welding  techniques  for  thick  titan¬ 
ium  sheets,  although  this  application  has  accounted  for  only  IS 
of  r...-.  titanium  'ed  in  recent  years.  The  properties  of  titanium 
that  make  it  at.  ctive  for  use  in  this  field  are  its  high 
specific  streng-  ,  excellent  corrosion  stability  in  sea  water, 
and  its  low  density,  which  makes  it  possible  for  the  craft  to 
dive  considerably  deeper  than  steel  submarines  [72,  78].  Titanium 
and  its  alloys  are  used  in  shipbuilding  to  make  many  components 
that  must  resist  exposure  to  sea  water  and  other  aggressive  envi¬ 
ronments,  e.g.,  to  make  diesel-engine  mufflers,  condensers  and 
heat  exchangers ,  measuring  instruments,  radars,  and  marine-engine 
parts. 

Titanium  has  been  tested  successfully  in  the  manufacture  of 
parts  for  recoilless  weapons.  One  weapon  took  36  kg  of  titanium, 
and  the  entire  run  about  1  thousand  tons.  Titanium  is  of  partic¬ 
ular  interest  in  that  it  enables  us  to  lighten  weapons  that  are 
to  be  hand-carried  or  ferried  by  air.  For  example,  a  titanium 
mortar  baseplate  weighs  11  kg  ao  compared  to  22  kg  when  steel  is 
used.  Use  of  titanium  in  the  production  of  artillery  weapons 
makes  it  possible  to  secure  high  maneuverability  and  long  service 
life  [68]. 

It  is  estimated  that  the  use  of  titanium  for  tank  armor 
plates  will  reduce  their  weight  by  about  25%. 

The  foreign  literature,  and  American  sources  in  parti culav, 
devote  most  of  iheir  attention  to  the  use  of  titanium  in  chemi¬ 
cal  engineering,  which  is  highly  promising  even  at  the  present 
cost  level  of  titanium  semifinished  products. 

As  a  prime  example  of  chemical  machinery  that  can  be  made 
from  titanium  on  an  Industrial  scale,  mention  must  be  made  of  the 
heat  exchanger,  which,  along  with  its  corrosion  resistance,  has 
two  additional  important  advantages.  Titanium  is  not  wetted  as 
well  by  liquids  as  are  copper,  stainless  steel,  and  the  alloy 
Rastelloy  C.  The  result  is  that  on  condensation  in  titanium  con¬ 
densers,  many  liquids  form  individual  drops,  which  quickly  run 
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off  the  surface,  instead  of  films  [32].  The  other  property  of 
titanium  is  that  ah  oxide  film  forms  or  its  surface  and  facili¬ 
tates  removal  of  sediment  from  the  heat-exchanger  surfaces.  As  a 
result,  a  high  heat-transfer  coefficient  is  preserved  throughout 
the  entire  operating  life  of  the  heat  exchanger  [83].  Substitu¬ 
tion  of  titanium  for  lead  coils  made  ic  possible  to  reduce  their 
length  to  one-fifth  and  their  diameter  by  half  [841.  In  another 
case,  the  higher  cost  of  installing  titanium  coils  was  covered  in 
1.5  years  [85]. 

In  view  of  its  high  specific  strength,  titanium  has  been 
used  to  make  rotors  for  high-speed  centrifuges,  for  which  lower 
weights  of  the  rotating  elements  are  particularly  important. 

Titanium  is  used  to  make  the  vanes  and  housings  of  centrifu¬ 
gal  pumps  used  to  transfer  solutions  of  chlorides,  dilute  hydro¬ 
chloric  acid,  and  various  organic  acids.  In  many  cases,  such 
pumps  work  for  years,  while  pumps  made  from  nickel-chromium- 
molybdenum  steels  fail  after  a  few  months  [39],  The  service 
lives  of  titanium  injectors  are  correspondingly  longer  than  those 
of  iron  types. 

In  the  last  analysis,  the  basic  factor  responsible  for  the 
use  of  titanium  in  various  nonmilitary  branches  of  mechanical 
engineering  has  been  its  cost  effectiveness ,  which  depends  to  a 
substantial  degree  on  the  corrosion  stability  of  titanium  under 
the  particular  set  of  conditions,  and  on  cost  in  those  cases  in 
which  corrosion  stability  is  not  a  aajor  consideration. 

The  high  cost  of  titanium  has  stimulated  research  to  develop 
a  technology  for  titanium-facing  of  steel3  to  be  used  in  the  manu¬ 
facture  of  chemical  apparatus  [68,  72,  86-88].  One  of  the  simpl¬ 
est  methods  of  cladding  titanium,  which  is  already  in  industrial 
use,  employs  an  explosive  wave  to  produce  a  bimetal.  However, 
metal  cladded  without  an  intermediate  layer  cannot  be  heated 
above  500°C,  since  a  brittle  interlayer  forms  at  higher  tempera¬ 
tures  as  a  result  of  mutual  diffusion  of  the  metals  [89].  Pro¬ 
duction  of  steel  pipes  25  mm  in  diameter  with  internal  titanium 
linings  has  been  set  up  [90]. 
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It  will  be  interesting  to  compare  cost  calculations  for  an 
autoclave  1.8a  long  and  0.76  m  in  diameter  with  hemispherical 
bases  when  it  is  made  from  various  materials  [91]: 


Relative 

Relative 

material 

cost  of 

cost 

autoclave 

Stainless  steel  316,  thick- 

ness  3  mm. . . 

1.00 

1.00 

Titanium. . . . 

5.00 

3.30 

Titanium-clad  carbon  steel 

(614-2  mm) . . . 

..  1.12 

1.56 

Use  of  titanium  is  advantageous  in  spite  of  this  equipment- 
cost  ratio,  since  its  stability  in  many  aggressive  environments 
is  several  times  better  than  those  of  high-alloy  steels  and  other 
materials.  Thus,  a  stainless-steel  autoclave  wa3  replaced  by  a 
titanium  unit  that  cost  2,2  times  as  much.  However,  the  service 
life  of  the  titanium  autoclave  was  found  to  be  5-6  times  longer. 
Titanium  coils  were  found  effective  c-ven  when  substituted  for 
plain  steel  colls.  The  titanium  coils  were  3.8  times  more  expen¬ 
sive,  but  it  was  found  that  they  were  practically  immune  to  wear; 
the  steel  coils,  on  the  other  hand,  lasted  from  9  to  12  months 
[873.  A  titanium  drum  filter  for  separation  of  zirconium  sul¬ 
fate  costs  about  twice  as  much  as  a  rubber-faced  steel  drum. 

This  premium  was  covered  in  two  years  by  the  reduction  in  outlay 
for  repairs  on  the  steel  filter  and  its  replacement,  when  worn, 
by  a  new  filter  of  the  same  kind  [92]-  Titanium  equipment  is 
effective  not  only  in  virtue  of  its  higher  stability.  Replace¬ 
ment  of  titanium  for  steel  apparatus  made  it  possible  to  raise 
the  temperature  of  a  reaction  in  which  a  material  was  decomposed 
in  nitric  acid  from  77  to  150° C,  with  increased  extraction  [87, 
115].  The  examples  cited  above  are  based  on  the  current  cost  of 
titanium  and  semifinished  titanium  products.  It  is  predicted 
[93]  that  by  1970,  technological  improvements  in  the  acquisition 
and  processing  of  titanium  will  have  reduced  the  cost  penalty  in¬ 
curred  in  using  titanium  equipment  instead  of  steel.  For  example, 
introduction  of  a  technology  for  the  fabrication  of  welded  tifcsn- 
ium  pipes  lowered  their  cost  by  about  half  as  compared  with  the 
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cost  of  seamless  pipes;  the  minimum  pipe  wall  thickness  was  re¬ 
duced  from  1.6  to  0.9  mm. 

Manufacture  of  large  chemical  equipments  would  be  Impossible 
without  appropriate  advances  in  the  welding  of  titanium.  Without 
going  into  data.'  is,  we  may  note  that  one  solution  to  this  problem 
involves  doing  the  welding  inside  inert-gas -filled  polyetnylene 
bottles.  Fabrication  of  liquid-hydrogen  tanks  7  meters  long  and 
2.5  ra  in  diameter  by  this  method  has  been  reported  [94].  Inert- 
gas-filled  plastic  bags  are  also  used  to  weld  small  parts. 

The  USSR  has  developed  a  technology  of  submerged-are  titan¬ 
ium  welding  that  makes  it  possible  to  Join  pieces  of  practically 
any  thickness  195]  ■  A  literature  report  [96]  tells  o:  the  de¬ 
velopment  of  a  technology  for  welding  very  thin  titanium  parts  to 
very  thick  ones,  e.g.,  thin-walled  pipes  to  valves. 

Master  of  technologies  for  the  casting  of  titanium,  and 
especially  of  parts  for  equipment  and  fittings  that  are  now  made 
by  welding,  will  help  expand  the  range  of  application  of  titanium. 
This  will  require  development  of  appropriate  furnace  designs  and 
selection  of  mold  materials  that  will  not  interact  with  titanium. 
Until  recently,  graphite  molds  have  been  used,  at  the  co3t  of  a 
certain  amount  of  carburization  of  the  surface  layer  of  the  cast¬ 
ing.  However,  graphite  molds  survive  only  a  single  casting  opera¬ 
tion.  Use  of  a  special  graphite  increased  mold  service  life  to 
10-12  castings,  but  this  was  still  inadequate  and  increased  the 
cost  of  the  process  considerably .  It  is  reported  that  the  Ameri¬ 
can  firm  TMCA  has  found  a  new  mold  material  that  permits  up  to  one 
hundred  castings  in  a  single  mold  [97j.  Cast  titanium  and  titan¬ 
ium-alloy  comp  'nents  are  even  new  being  used  successfully  as  ve- 
placements  for  forged  miC  welded  pieces.  The  largest  cast  titan¬ 
ium  products  now  being  produced  weigh  about  180  kg,  are  1.8  m 
long  and  G.9  m  wide;  the  minimum  casting  wall  thickness  is  2.4  mm. 
It  is  predicted  that  improvements  to.  titanium  casting  technology 
will  help  substantially  in  broadening  the  nomenclature  of  cast 
products  and  lowering  their  cost  [98]. 

Broad-scale  research  in  the  USSR  has  resulted  in  the  develop¬ 
ment  of  a  technology  and  equipment  for  production  of  titanium 
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castings  [99 j -  For  example,  high-capacity  cmelting-and-teeming 
furnaces  have  been  designed,  and  research  is  being  done  to  find 
the  most  suitable  materials  for  moldmaking. 

Turning  to  industrial  chemical  processes,  where  titanium 
has  already  secur-.  l  a  foothold,  we  should  first  make  mention  of 
the  production  of  cnlorine.  The  stability  of  titanium  in  moist 
chlorine  had  led  to  its  use  in  the  fabrication  of  heat  exchangers. 
Although  the  cost  of  1  m  of  titanium  heat  exchanger  is  1.86  times 
that  for  a  graphite  exchanger,  the  area  of  the  exchanger  can  be 
reduced  by  a  factor  of  1.8  because  of  the  high  heat-transfer 
coefficient  of  titanium.  The  service  life  of  a  titanium  conden¬ 
ser  is  5  times  that  of  a  graphite  unit.  As  a  result,  installa¬ 
tion  of  titanium  condensers  has  been  to  considerable  economic  ad¬ 
vantage  [8jj. 

Titanium  pumps  for  transfer  of  hot  nitric  acid  or  heated 
chloride  and  salt  solutions  last  10-20  times  as  long  as  similar 
stainless-steel  pumps  [763,  this  more  than  offsets  the  higher 
first  cost  of  the  titanium  pumps. 

Since  titanium  presents  an  explosion  hazard  in  contact  with 
fuming  nitric  acid,  it  is  used  to  make  equipment  to  hold  nitric 
acid  at  concentrations  no  greater  than  60-70?  [^2,  ^3,  873. 

Platinized  titanium  anodes  are  being  used  successfully  in 
mercury  and  diaphragm-type  electrolyzers  for  chlorine  production, 
instead  of  anodes  made  from  graphite,  ferrosilicon ,  and  other 
materials.  The  stability  of  the  titanium  anodes  ensures  that  the 
interelectrode  distance  will  remain  constant,  i.e.,  it  maintains 
stable  operating  conditions,  increases  productivity,  and  lowers 
operating  costs  [100].  A  great  advantage  is  that  the  platinum 
coating  nted  not  be  continuous;  it  can  be  applied  only  to  specif¬ 
ic  zones  of  the  anode  or  have  porosity  [1013.  Four  foreign  firms 
have  concluded  an  agreement  on  the  une  of  platinized  titanium 
anodes  for  the  production  of  chlorine  [102].  Such  anodes  are  also 
used  in  the  production  of  perchlorates,  for  cathodic  corrosion 
protection,  especially  in  3ea  water,  and  in  the  electrolytic  pro¬ 
duction  of  gold,  platinum,  rhodium,  silver,  chromium,  nickel,  and 
other  metals  and  organic  con.pounds  [103]. 
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Chlorine -handling  pipes  are  made  from  titanium.  Because  of 
the  absence  of  corrosion,  the  356-mm-diameter  pipelines  have  thin 
walls  ranging  from  0.8  to  1.3  mm. 

In  addition  to  the  chlorine  industry,  titanium  is  coming  to 
be  used  successfully  in  the  cellulose-and-paper  industry,  for 
example  in  the  production  of  calcium  hypochlorite,  3odlum  chlo¬ 
rate,  and  soda. 

Among  the  organic-chemical  processes,  note  should  be  taken 
of  the  production  of  acetic  acid  and  the  dyes  made  with  it  and 
with  formic  and  other  organic  acids;  the  production  of  urea  from 
carbon  dioxide  and  ammonia;  processing  of  coke-chemistry  products 
(dilute  sulfuric  acid  solutions  containing  HgS,  HCN,  $02,  and 
organic  compounds);  petrochemistry  and  the  production  of  synthet¬ 
ic  fibers. 

Titanium  is  used  in  building  equipment  for  dye  production 
uhere  the  conditions  of  the  process  require  high  purity  of  the 
final  product,  as  well  as  apparatus  for  the  actual  dyeing  process 
[66,  104-106]. 

An  acetaldehyde  plant  equipped  with  apparatus  surfaced  with 
titanium  was  placed  in  operation  in  1962  at  Bay  City,  Texas.  The 

p 

total  faced  area  i3  2140  m  .  The  largest  piece  of  equipment  is 
9.75  m  long  ar>d  3*04  m  in  diameter  [1073. 

In  1963,  titanium  was  first  put  to  use  in  the  production  of 
desalinating  equipment  -  a  highly  promising  field  of  application 
for  the  metal.  The  first  such  unit  used  155  km  of  titanium  tubing 
[108],  Development  of  a  low-cost  technology  for  manufacture  of 
titanium  pipes  by  welding  will  promote  their  application.  The 
firm  TMCA  ha3  developed  a  special  machine  for  production  of  such 
pipes  [76]. 

Titanium  equipment  has  come  into  extensive  use  in  the  USSR 
and  abroad  in  a  number  of  hydrometallurgical  processes  -  in  the 
processes  in  which  the  raw  material  is  prepared  for  extraction  of 
titanium  and  molybdenum  (dilute  hydrochloric  acid  solutions,  solu¬ 
tions  containing  sulfur  compounds),  in  the  production  of  nickel 
(acidic  solutions  containing  Hi,  Cu,  Pe,  Co  and  Cl  ions)  [ 39 , 
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101,  109].  For  exarapi-',  it  has  been  established  that  titanium 
flow-control  tittlngs  last  5-10  times  longer  than  those  used 
earlier,  which  were  faced  with  rubber,  faolite,  and  other  pro¬ 
tective  coatings  [110]. 

Cathodes  made  from  an  alloy  of  titanium  with  palladium  (0.1*) 
are  used  on  an  industrial  scale  in  the  production  of  manganese. 

It  has  been  found  that  these  cathodes  have  a  secondary  advantage: 
weak  adhesion  of  the  manganese  deposit  to  them  [71].  Titanium 
cathodes  behave  similarly  in  the  electrolytic  production  of 
nickel  [109]. 

Titanium  has  come  into  extensive  use  in  electroplating,  where 
it  is  used  to  make  baskets  in  which  soluble  anodes  are  placed. 

This  ensures  full  utilization  of  the  anodes  [111].  Titanium  is 
also  used  to  make  hooks  and  hangers  for  products  to  be  immersed 
in  galvanic  baths  [112]. 

Among  the  fields  where  the  use  of  titanium  does  not  involve 
large  amounts  but  is  nevertheless  advantageous,  we  should  take 
note  of  medicine  -  the  manufacture  of  medical  instruments  and  in¬ 
ternal  prostheses.  It  has  been  established  that  the  presence  of 
titanium  In  the  organism  is  quite  innocuous,  and  that  bones  and 
muscle  tissue  concresce  with  it.  Getters  for  the  maintenance  of 
ultrahard  vacuums  represent  another  field  of  application  of  titan¬ 
ium. 

Railway  and  automotive  transportation  is  a  promising  field  cf 
application  of  titanium.  The  economic  advantages  will  be  re¬ 
flected  here  in  lowered  fuel  consumption  and  increased  cargo- 
carrying  capacity.  However,  th..-se  possibilities  will  be  realized 
only  when  the  cost  of  semifinished  titanium  products  is  reduced 
to  about  half  of  the  1965  leve] ,  i.e.,  to  $4-6  per  kilogram  and 
when  the  technology  of  casting  titanium  has  been  assimilated.  The 
potential  use  of  titanium  by  the  American  automotive  industry  hes 
been  estimated  at  16  thousand  tons  annually  [933*  At  the  present 
time,  only  experimental  racing-car  bodies  are  being  made  of  titan¬ 
ium. 
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Manufacture  of  steam  and  gas  turbines  also  represents  a  pro¬ 
mising  field  for  the  use  of  titanium. 

According  to  predictions  compiled  by  the  Battelle  Institute 
in  1962,  the  annual  use  of  titanium  semifinished  products  ir,  the 
USA  was  to  be  23  thousand  tons  in  1970  ('including  2. 5-5.0  thousand 
tons  in  the  chemical-equipment  industry)  [73]. 

Considering  the  data  given  previously  (see  page  7)  on  the 
expected  increase  in  titanium-sponge  production  by  1970,  as  well 
as  the  rapid  increase  in  the  consumption  of  titanium  semifinished 
products  (see  Table  12),  we  may  conclude  that  these  predictions 
are  realistic. 

According  to  British  sources,  the  total  production  of  titan¬ 
ium  semifinished  products  in  capitalist  countries  will  be  16  thou¬ 
sand  ton-  y  1970  [113]  and  35  thousand  tons  by  1975  [19]. 

It  has  been  predicted  that  by  1970,  the  maximum  strength  of 
deformable  titanium  alloys  will  have  reached  l3o  kgf/mm  ,  and 
that:  of  the  foundry  alloys  to  155  kgf/mm2;  their  service  tempera¬ 
tures  will  be  approaching  600°C. 

It  appears  that  the  basic  mass  of  the  titanium  produced  in 
years  to  come  will  be  used  in  space  engineering,  since  the  use 
of  titanium  in  this  field  is  expanding  more  rapidly  than  it  is  In 
aviation.  A  large  amount  of  titanium  will  obviously  go  Into  the 
manufacture  of  hulls  for  deep-water  submarines.  Extensive  use  of 
titanium  in  weapons  production  may  bo  expected  only  if  its  cost  is 
reduced  substantially  [114 j. 

In  conclusion,  we  should  study  predictions  regarding  the 
scale  of  titanium  consumption  on  the  basis  of  the  projected  cost 
of  semifinished  products.  At  a  semifinished  cost  of  $4. 4-6. 6  per 
kilogram  (at  the  end  of  1964,  the  average  prices  of  titanium  semi¬ 
finished  products  were  as  follows,  in  dollars/kilogram:  sheet  and 
r’bbon  11.0;  plates  8-6;  wire  8.0;  forging  blanks  5.4;  hot-rolled 
bars  7.1  [22]),  the  consumption  of  titanium  may  rise  in  capitalist 
countries  to  56-8O  thousand  tons  per  year,  including  18-27  thou¬ 
sand  ton3  for  military  aircraft  construction,  1.8-2. 7  thousand 
tons  for  civil  aircraft  construction,  13.5-18  thousand  tons  for 
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machinery  (including  chemical),  1-2  thousand  tons  for  shipbuild¬ 
ing,  7.2-9  thousand  tons  for  weapons  production,  ^11-16  thousand 
tons  for  motor  vehicles,  1-2  thousand  tons  for  railway  transport, 
and  2. 7-3.6  thousand  tons  for  miscellaneous  us>.s.  If,  on  the 
other  hand,  the  cost  of  semifinished  products  drops  to  2.2-3. 3 
dollars/kg,  the  annual  consumption  of  titanium  may  be  expected  to 
reach  200-270  thousand  tons  [113]. 

To  cut  the  cost  of  titanium  3f mif’inished  products  appreciably, 
it  will  be  necessary  to  improve  the  technology  by  which  titanium 
tetrachloride  and  titanium  sponge  are  produced  and  refined.  Im¬ 
portant  steps  on  the  road  to  this  goal  will  be  the  development  of 
a  continuous  titanium-extraction  process ,  improved  pi'oduction  of 
titanium  castings,  rational  utilization  of  all  titanium  3crap, 
development  and  introduction  of  secondary  titanium  alloys,  etc. 
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Chapter  6 

TITANIUM  MINERALS  AND  ORES  AND  THEIR  CONCENTRATION 

Titanium  is  one  of  the  most  widely  distributed  elements. 

The  earth's  crust  contains  0.61J  (by  mass)  of  Ti,  or  about  IX 
when  converted  to  Ti0o  [1,  2] 

Ho  fewer  than  60  titanium-containing  minerals  are  known. 
Titanium  occurs  In  various  quantities  in  many  rock- forming  min¬ 
erals  -pyroxenes,  amphibcles,  micas,  garnets,  etc.  [1-8]. 

Titanium  is  present  in  the  quadrivalent  form  in  practically 
all  minerals,  Ilmenite  (FeO'TiO-)  is  the  most  common  of  all  ti- 

d  O 

tanium  minerals.  The  small  ionic  radius  of  titanium  (0.64  A)  re¬ 
sults  in  the  formation  of  stable  natural  oxides.  The  most  3table 
titanium  mineral,  rutile  (TiO,,),  has  a  tetragonal  crystal  lattice. 
Its  polymorohic  modifications  (anatase  and  brookite,  as  well  as 
leucoxene,  an  alteration  product  of  ilmenite)  are  less  stable, 
and  are  transformed  under  environmental  effects  into  the  more 
stable  form  in  the  sequence:  leucoxene  anatase  ♦  brookite  ■* 

-  rutile. 

Table  13  lists  the  most  important  titanium  minerals,  which 
can  be  broken  down  into  5  characteristic  groups:  the  rutile,  il¬ 
menite,  porovskite,  niobotantalotitanate,  and  sphene  groups  [2,  5, 
7].  Rutile  is  encountered  comparatively  rarely  in  nature  as  a 
monomineral.  Usually,  metals  with  similar  ionic  radii  are  in- 
cludec  isomorphically  in  its  crystal  lattice:  e.g.,  Fe  (0.83  a). 
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TABLE  13 

The  Most  Important  Titanium  Minerals 


II TiOj  con- 
chemical  formula  r"j  ^  "ln“  density,  ,/cm3 


rutile .  T(0, 

anatass  ....  TioJ 

brooklta.  .  .  .  T50,  .. 
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chrcLrutila CrjoJ 
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SffiJKi.- :  J”*  SM*-”**  £}, 
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Nb^+  (0.69  A),  Ta^+  (0.69  A),  tin,  vanadium,  chromium,  solid  solu¬ 
tions  of  hematite  and  ilmenite,  etc.  Rutile  segregations  are  en¬ 
countered  in  placevs  together  with  other  stable  minerals. 

Anatase  is  the  last  stable  polymorphic  modification  of  titan¬ 
ium  dioxide,  and  is  usually  encountered  together  with  rutile  in 
sedimentary  rocks,  clays,  and  especially  in  bauxites. 

Brookite  is  seldom  encountered  in  nature,  and  is  usually 
found  together  with  rutile  and  anatase.  Brookite  is  transformed 
to  rutile  ac  temperature  above  1040°C. 

Leucoxene  is  formed  under  natural  conditions  as  a  result  of 
oxidation  of  ilmenite  or  other  titanium  minerals.  The  leucoxeni-  . 
zation  process  may  continue  until  titanium  dioxide  is  formed. 

Ilmencrutile  i3  rarely  encountered  in  nature.  Isomorphic 
impurities  are  usually  present  in  it:  PeO  (up  to  12.3%),  NbgO,- 
(up  to  32%),  and  Ta.,0g  (up  to  14,7*). 

Struverlte  is  similar  to  iimenorutile,  but  contains  somewhat 
larger  amounts  of  tantalum.  It  is  rarely  encountered  in  nature 
In  the  free  form. 

All  minerals  of  the  ilmenite  group  (except  titanomagnetite 
and  hematoilmenite)  are  double  oxides  of  the  type  ROROj  that 
crystallise  in  the  corundum  lattice.  Ilmenite  is  sometimes  called 
crichtonite  or  titanium  ironstone. 

Titanomagnetite,  a  solid  solution  with  various  proportions 
of  ilmenite  and  magnetite,  and  hematoilmenite,  a  solid  solution 
of  ilmenite  and  hematite,  are  encountered  most  frequently  in 
rocks.  Ilmenite  is  formed  by  the  interaction  of  titanium  dioxide 
with  ferrous  oxide  in  much  the  same  way  as  the  higher  and  lower 
oxides  of  iron  form  magnetite.  During  the  slow  solidification  of 
the  magma  deep  in  the  earth's  crust,  during  which  di~  and  tri- 
valent  iron  and  quadrivalent  titanium  accumulate  in  the  residual 
melt,  ilmenite  and  magneti'  *  crystallize  out  into  individualized 
granules,  forming  a  mechanical  mixture.  Thus,  titanomagnetite 
and  hematoilmenite  can  be  classified  in  the  ilmenite  group  only 
conditionally.  The  presence  of  individual  ilmenite  and  ma.pietite 
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grains  makes  it  possible  to  separate  these  minerals  by  mechanical 
concentration  methods. 

Under  certain  conditions,  ilmenite  is  subject  to  one  or  an¬ 
other  degree  of  leucoxenizatlon,  and  leucoxene  fringes  may  be 
observed  on  its  granules. 

As  we  noted  above,  the  leucoxinization  process  may  continue 
to  the  formation  of  rutile,  which  retains  the  external  form  of 
the  ilmenite. 

At  high  temperatures  in  a  hydrothermal  and  oxidi zing  environ¬ 
ment,  the  ilmenite  lattice  is  reconstructed  and  pseudobrookite  is 
formed;  the  next  stage  is  the  formation  of  arixonite  and  leucoxene. 
All  of  the  other  minerals  -  geikielite,  negbaumite,  pyrophanite, 
and  senaite  -  are  seldom  encountered  in  nati.re,  and  usually  occur 
as  impurities  in  various  minerals. 

Perovskite  i3  similar  to  the  ilmenite-group  minerals,  but  the 
larger  ionic  radius  of  calcium  causes  it  to  crystallize  in  a  cubic 
lattice.  The  titanium  can  also  be  replaced  by  isomorphic  mate¬ 
rials  in  this  group  of  minerals.  Depending  on  the  composition  of 
the  isomorphic  impurities,  perovskite  is  sometimes  known  as  kno- 
pite  or  dys analyte. 

Loparite  is  a  common  rock-forming  mineral  encountered  in 
alkaline  rocks.  Its  composition  is  complex  and  inconstant,  a 
characteristic  loparite  composition  is  (in  %)t  39 .2  .  11 

NbgO^  +  Ta20^;  16-19  Ce20?;  4. 2-5*2  CaO;  7*8-9  Na20;  0.2-0. 7  K20; 
0.5-0. 6  Th02;  0.03-0.05  U;  0.2-0. 7  Si02;  and  3-5  H 20  [7]. 

The  minerals  of  the  niobotantalotitanate  group  crystallize 
in  the  cubic  lattice.  These  minerals  are  richer  in  the  rare  ele¬ 
ments,  but  they  have  no  independent  industrial  importance  for  the 
production  of  titanium  at  the  present  time  owing  to  the  small 
titanium  contents  in  the  ore. 

Sphene  is  a  rather  common  mineral.  It  is  encountered  in 
nature  in  the  form  of  scattered  inclusions  in  granites,  diorites, 
etc.  Large  concentrations  of  sphene  -  reserves  ranging  into  the 
tens  of  thousands  of  tons  -  are  encountered  in  pegmatites  and 
pegmatoid  nephelinic  syenites.  On  subjection  to  hydrothermal 
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conditions,  sphene  decomposes  with  formation  of  rutile  or  anatase. 
Quite  frequently,  it  contains  up  to  6%  of  ferrous  oxide,  up  to 
3%  of  manganous  oxide,  along  with  magnesium  oxide,  ferric  oxide, 
alumina,  and  the  like. 

The  varieties  of  sphene  -  yttrctitanite,  murmanite,  and  fers- 
manite  -  are  very  rare  minerals. 

The  minerals  given  in  Table  13  may  be  encountered  in  various 
quantities  in  titanium  ores.  However,  rutile  and  ilmenite  are 
of  the  greatest  importance  for  acquisition  of  metallic  titanium 
and  pigment  titanium  dioxide.  Ilmenite  deposits  are  so  widely 
distributed  and  large  as  to  permit  large-scale  development  of  the 
titanium  industry. 

Titanium  Ores 

The  titanium  ores  that  are  significant  for  industrial  produc¬ 
tion  can  be  broken  down  for  convenience  into  two  types:  native  il- 
menlte-titanlum-magnetite  and  alluvial  rutile-i*lmenite~zirconic 
ores. 

The  native  titanium-magnetite  ores  of  the  USSR  include  those 
of  the  Kusa,  Kopan,  Kachkanar,  and  other  deposits  [5-7].  The  re¬ 
serves  of  native  titanium  ores . in  the  Urals  run  to  many  millions 
of  tons.  This  ore  type  also  Includes  the  ores  of  the  Piney  River, 
McIntyre,  Tejavics,  and  Roselar.d  deposits  in  the  USA,  those  of 
Otonmaki  in  Finland,  and  others.  The  loparites,  which  contain 
niobium,  tantalum,  and  other  rare  elements  In  addition  to  titan¬ 
ium  in  the  form  of  perovskite  and  tltanomagnetite,  are  an  example 
of  composite  native  ores  [8,  9]. 

The  ores  of  the  Kusa  deposit  are  typical  ilmenite-magnetite 
ores  and  are  confined  to  gabbrocrystalline  rocks.  The  continuous 
ore  bodies  of  this  deposit  are  arranged  in  parallel  vein-ore  lens, 
shaped  beds.  Magnetite  and  ilmenite,  of  which  the  magnetite  re¬ 
presents  about  60-70S,  account  for  90-95J  by  volume  of  these  ores. 
The  magnetite  grain  size  range  is  0.06-1.0  mm  (average  0.2-0. 3  mm). 
The  secondary  ore  minerals  here  are  hematite,  leucoxene,  rutile, 
pyrite,  and  chalcopyrlte.  The  nonmetallic  minerals  encountered 
include  chlorite,  hornblende,  resorbed  plagioclase,  garnet, 
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epidote,  biotite,  calcite,  breunerite,  and  others,  The  average 
percentage  contents  of  the  components  in  Kusa  ore,  in  t,  are 
53  Fe  (including  27.6  FeO  and  48.2  Fe^);  14.21  TiOj,  0.65  V?05; 
0.122  S;  0.01  Pj  3.18  Si02;  2.98  A1203;  0.67  Cr203;  3-33  CaOj 
0.50  MnO;  0.005  MgO;  0.12  K20;  and  Na20,*  0.25  HgO. 

The  ores  of  the  Chernoreeh'ye,  Hedvsdevka,  Lopan,  Ivanov, 
Matkal'sk,  and  other  deposits  in  the  USSR  are  similar  in  compo- 
sitlon  and  ore-body  characteristics  to  the  ores  of  the  Kusa  de¬ 
posit. 

In  Quebec  province  in  Canada,  the  most  massive  native  de¬ 
posit  of  hematite-ilmenite  ores  is  being  worked  at  Lac  Thiault  in 
the  Allard  Lake  region.  The  total  reserves  of  ores  in  this  re¬ 
gion  are  estimated  at  150  million  tons,  including  123  .million  tons 
at  Lac  Thiault.  The  main  ore  body  is  1080-920  m  across  and  the 
thickness  of  the  sheet  exceeds  90  m  in  some  locations.  The  ores 
of  this  deposit  contain  about  75*  llmer.ite,  20*  hematite,  and  5* 
other  minerals.  The  TiO„  content  varies  in  the  range  from  32  to 
36*.  The  Lac  Thiault  deposit  is  the  raw-matrrial  base  for  a 
mill  at  Sorel ,  at  which  slags  with  a  high  titanium  content  are 
smelted  out. 

Alluvia.11  titanium  deposits  were  formed  under  the  influence 
of  exogenous  rock-destruction  processes.  Those  minerals  in  these 
rocks  that  resisted  chemical  alteration  accumulated  in  the  sandy 
fraction  of  the  weathering  crust,  while  the  unstable  minerals 
were  carried  away  from  the  deposit.  Ilmenite  is  one  of  che  mine¬ 
rals  that  are  stable  under  these  condi tlonc. .  However,  even  it  is 
subject  to  leuxozenlsation.  Ilmenite,  rutile,  zircon,  and  other 
heavy  minerals  are  carried  out  into  the  ocean  by  rivers  and  de¬ 
posited  In  the  sand  along  the  coast.  This  natural  concentration 
is  accompanied  by  hydrodynamic  density  and  size  grading  of  the 
sand,  -.ilth  the  ultimate  result  the  formation  of  large  deposits  cf 
titanium-zirconium  ores. 

■typical  placer  deposits  are  found  in  the  littoral  sands  of 
Australia,  where  the  zones  richest  in  titanium  extend  over  500- 
600  km  of  the  continent’s  eastern  shoreline. 
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The  belt  of  beach  and  dune  sands  of  Australia  is  comparatively 
narrow,  but  reaches  a  width  of  about  800  m  In  spots.  The  sands 
consist  of  quartz  (which  composes  their  basic  mass),  zircon,  ru¬ 
tile,  leucoxenized  ilmenite,  leucoxene,  and  insignificant  quan¬ 
tities  of  monazite  C'Ce,  LaJPO^],  garnet,  magnetite,  chromite, 
and  cassiterite. 

Ihe  average  content  of  heavy  minerals  in  the  beach  sands  is 
5-6%.  The  heavy  slime  contains  an  average  of  30.2*  rutile,  38.8* 
zircon,  26.5*  ilmenite,  0.5*  monazite,  and  4*  other  minerals. 

Most  of  the  ere  grains  have  sizes  ranging  from  0.1  to  0.14  mm. 

In  1963,  about  172  thousand  tons  of  rutile  concentrates  end  184 
thousand  cens  of  ilmenite  concentrates  were  extracted  from  these 
sands . 

In  addition  to  the  beach  sands,  Australia  ha3  rich  deposits 
of  dune  and  underground  placers.  They  are  not  as  rich  in  titanium 
( their  average  heavy-mineral  content  is  ''■350,  but  they  are  thicker. 
Alluvial  titanium  deposits  include  many  deposits  in  India,  Indo¬ 
nesia,  South  America,  the  USA,  and  elsewhere. 

A  unique  alluvial  deposit  in  the  USSR  is  the  Samotkan'  de¬ 
posit  of  zircon-rutile-ilmenite  ores  in  the  central  Dnepr  region. 
The  Samotkan'  deposit  is  a  burled  marine  placer  that  was  appar¬ 
ently  formed  by  a  littoral  submarine  current.  This  deposit  is 
uncommonly  thick  as  compared  with  the  beach  deposits  o.  Australia 
and  other  countries .  The  degree  of  leucoxenization  in  the  il¬ 
menite  of  this  deposit  is  extremely  high.  A.  V.  Rudneva  [10,  page 
10]  reported  that  80*  of  the  concentrate  obtained  from  the  Samot¬ 
kan'  placers  has  a  mineralogical  composition  similar  to  that  of 
arlzonite.  The  littoral-submarine  formations  of  the  poltavan 
and  Sarmatian  stages  appeared  during  the  shaping  of  a  thick 
Mesozoic  chemical-alteration  crust.  Crystalline  rocks  underly¬ 
ing  the  depos?.t  occur  at  depths  of  more  than  100  m.  The  polta¬ 
van  suite  is  a  monotonous  stratum  of  fine-grained  light  gray  and 
yellowish-grey  quartz  sands  ranging  up  to  30-40  m  in  thickness 
(the  sheets  vary  from  5  to  40  m  in  thickness).  This  zone  is  over¬ 
laid  by  clayey  3ands  and  greenish-gray  Sarmatian  clays  20-25  m 
deep. 
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The  poltavan  and  Sarmatlan  sands  contain  zirconium,  rutile, 
and  ilmenite. 

In  the  poltavan  sands,  the  heavy-mineral  yield  with  densities 
above  2.9  varies  from  0.5  to  300  kg/m3.  Higher  heavy-mineral 
contents  are  found  Ju  the  upper-level  fine-grained  sands.  The 
middle  and  lower  poltavan  sands  are  distinguished  by  lower  heavy- 
mineral  contents,  but  they  have  occasional  lenses  of  commercially 
valuable  sands. 

The  ore-grain  sizes  vary  from  0.05  to  0.12  mm;  the  ilmenite 
grains  are  larger  than  those  of  rutile  and  zirconium.  The  size 
of  the  quartz  grains  is  about  0.2  mm. 

The  electromagnetic  fraction  of  the  sands  makes  up  50-60*  of 
the  heavy  fraction  and  consists  of  65-70*  strongly  leucoxenized 
ilmenite  (resembling  arizonite),  20-35*  staurolite,  1-5*  tourma¬ 
line,  and  such  admixtures  as  spinels,  manganoandalusite,  and 
others.  The  nonelectromagnetic  fraction  contains  20-40*  rutile, 
15-45*  zircon,  and  5-10*  leucoxene,  10-40*  sillimar.ite,  and  5-10* 
disthene,  with  anatase,  andalusite,  and  corundum  admixtures. 

The  deeper  layers  of  the  Sarmatian  fine-grained  sands  are 
enriched  in  ore  materials.  Heavy  slime  from  the  Sarmatian  sands 
contains  about  13-17*  rutile,  32-37*  ilmenite,  9-11*  zircon,  and 
about  40*  nonmetallic  minerals  -  disthene,  silliir.anite,  ctauro- 
lite,  and  tourmaline.  The  minerals  are  well  nodullzed  and  coarser 
than  those  found  in  the  poltavan  sands. 

The  Tobolsk  deposit  of  circon-rutile-ilmenite  ores  in  the 
Tran3ural  region,  which  wa3  discovered  in  1954,  is  a  beach  placer, 
again  of  marine  origin,  and  contains  about  80*  ilmenite,  10*  ru¬ 
tile,  and  9*  zircon. 

The  large  Irsha  alluviofluvial  ilmenite  deposit  occurs  in  the 
Volyn'  gabbroanorthosite  region;  its  ilmenite  content  is  somewhat 
more  than  20  kg/m3  of  excavated  mass,  with  a  heavy-concentrate 
yield  of  1.4  to  711  kg/m3.  The  titanium  dioxide  content  varies 
from  49  to  60*  in  the  leucoxenized  ilmenite,  averaging  50-52*. 
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All  of  the  titanium-ore  deposits  listed  above  are  of  the 
composite  rutile-il.menite-zircon  ore  iron-tltanium-vanadium  types. 
Concentration  of  these  ores  yields  an  iron-titanium  concentrate, 
which  is  then  further  enriched  metallurgically ,  by  smelting  in 
ore  furnaces  to  rich  titanium  slag^and  pig  iron.  If  a  rutile  con¬ 
centrate  is  used  for  extraction  of  titanium,  the  smelting-furnace 
process  is  unnecessary.  Rutile  ores  occur  in  the  so-called  meta- 
morphogenoua  deposits.  Although  these  deposits  have  not  been 
studied  very  thoroughly,  they  will  obviously  become  an  important 
source  of  supply  of  rutile  concentrate  for  the  titanium  industry. 

Concentration  of  Titanium  Ores 

A  distinctive  property  of  the  basic  titanium  ores  is  the 
relative  ease  with  which  they  can  be  concentrated. 

The  following  scheme  is  usually  used  in  concentration  of 
alluvial  ores:  washing  and  size  classification  of  the  sands,  ex¬ 
traction  of  a  combined  rutile-zircon  concentrate  on  screw  separa¬ 
tors  or  concentration  tables,  improvement  of  the  crude  concentrate 
by  electrostatic  separation  into  ilmenite,  rutile,  and  zircon  con¬ 
centrates.  Flotation  is  sometimes  used  to  extract  the  zircon  con¬ 
centrate. 

Process  fxow  charts  for  concentration  of  ores  from  native 
titanium-magnetite  deposits  usually  include  staged  crushing  with 
screening,  closed-cycle  grinding  with  classification,  and  gravi¬ 
tational  concentration  with  Improvement  of  the  crude  concentrate 
by  magnetic  separation. 

Concentration  of  Australian  Sands 

Exploitation  of  Australian  deposits  began  in  1931-1932.  In 
193^,  work  was  begun  at  the  first  concentration  plant  at  Byror 
Bay,  which  used  flotation  to  extract  the  zircon.  All  subseqi  ently 
built  plants  use  concentration  on  tables  and  electrostatic  methods 
of  rutile  extraction  instead  of  flotation. 

At  the  present  time,  the  Byron  Bay- plant  produces  high- 
quality  rutile,  ilmenite,  and  zi;  con  concentrates,  as  well  as 
such  byproducts  as  monazite  concentrate,  washed  silicate  sand, 
classified  garnet,  and  a  smr.ll  amount  of  tin  concentrate.  Most 
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of  the  concentrates  extracted  in  Australia  are  exported  to  the  USA 
and  Japan. 

Primary  processing  of  the  sand3  i3  on  tables  or  screw  sepa¬ 
rators.  Wllfley  tables  are  usually  used,  'me  density  distribu¬ 
tion  of  the  sands  is  quite  clear-cut j  the  upper  fraction  is  a 
narrow  strip  of  monazite  head  with  cassiterite,  followed  by  zones 
of  zircon,  llmenite,  and  rutile  and  then  by  minerals  with  den- 
sities  of  3-1*  g/cnr  and  a  bottom  fraction  of  quartz  with  a  rutile 
admixture,  which  must  be  subjected  to  secondary  cleaning.  Up  to 
5f  of  rutile  is  present  in  the  3-4-g/cm^  fraction. 

me  monazite  head  contains  small  quantities  of  garnet,  spin¬ 
els,  or  tourmaline.  A  monazite  concentrate  containing  92-981  mona¬ 
zite  can  be  obtained  by  electromagnetic  separation  and  subsequent 
cleaning  up  on  tables. 

me  intermediate-density  fraction  is  sent  to  the  tailings 
and  returned  to  the  seacoast  for  natural  classification. 

me  Stradbroke  Island  plant,  like  a  number  of  others,  uses 
Tampfrey  screw  separators,  which  give  a  higher  heavy-mineral 
extraction,  for  the  primary  processing  of  the  sands.  Fifty  Tfemp- 
frey  separators,  each  with  a  capacity  of  0.8-1  ton/heur,  are 
used  for  the  basic  concentration  stage.  In  this  stage,  process¬ 
ing  of  sands  containing  about  6J  heavy  minerals  produces  a  con¬ 
centrate  containing  more  than  2U%  heavy  minerals .  ■  mis  product  is 
further  refined  on  12  similar  units  to  produce  a  concentrate  con¬ 
taining  up  to  901  of  heavy  minerals,  mis  concentrate  is  then 
rerefined  with  selective  concentration. 

Before  separation  of  the  zircon,  rutile,  and  ilmenite,  the 
resulting  collective  concentrate  is  dried  in  rotary  driers.  After 
cooling  to  about  80°C,  the  concentrate  is  sent  for  separation. 
Usually,  combination  concentration  processes  are  used  to  separate 
the  collective  concentrate,  including  magnetic  and  electrostatic 
separation.  Ilmenite  has  the  highest  susceptibility  in  the  col¬ 
lective  concentrate,  and  monazite  is  second  in  this  respect.  Zir¬ 
con  and  rutile  are  nonmagnetic.  In  occasional  cases,  however,  a 
variety  of  rutile  with  weak  magnetic  properties  is  observec,  In 
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the  presence  of  films  of  ferrous  compounds,  zircon  also  shows  weak 
magnetic  properties,. 

Almost  all  plants  on  the  east  coast  of  Australia  are  equipped 
with  induction-type  roller  separators  with  high  magnetic  fields. 
The  Eseolon  separator,  which  is  usually  made  duplex  with  two  or 
three  poles  on  each  side,  is  most  commonly  used.  This  separator 
can  operate  with  high  and  low  magnetic  field  strengths  and  with 
a  6.5-A  load  at  120  V. 

Electrostatic  separation  is  based  on  the  differences  between 
the  electrical  conductivities  of  the  minerals.  They  can  be  ar¬ 
ranged  in  the  following  series  in  order  of  diminishing  conductiv¬ 
ity:  magnetite,  ilmenite,  rutile,  chromite,  leucoxene,  garnet, 
monazite,  tourmaline,  zircon,  and  quartz. 

Septon  Steel  and  Steel  Machines  roller  separators  are  usually 
used  for  electrostatic  separation;  there  are  also  considerable 
numbers  of  separators  of  various  types  that  have  been  built  on 
site. 

Electrostatic-separator  rollers  are  made  from  bronze  or 
steel  pipes  from  125  to  172  mm  in  diameter  and  915  to  2440  mm  in 
length.  The  rollers  turn  at  300  to  600  rev/min.  The  potential 
difference  between  the  electrode  and  the  roller  Is  varied  from  16 
to  40  thousand  volts. 

Separators  with  28  rollers  cascaded  in  two  rows  are  used  at 
the  Associated  Minerals  concentration  plant.  Rutile  concentrate 
is  extracted  on  the  upper  seven  rollers ,  and  an  intermediate  pro¬ 
duct  on  the  lower  seven  (in  addition,  a  zircon  concentrate  is  ob¬ 
tained  on  the  three  lower  rollers).  Such  separators  produce  360- 
720  kg  per  hour  per  meter  of  roller  length. 

Magnetic  ana  electrostatic  separations  take  different  posi¬ 
tions  in  process  flow  at  different  plants.  Recently,  electro¬ 
static  separation  has  usually  been  at  the  head  of  the  chart.  The 
installation  of  Mineral  Deposits  Syndicate  may  serve  as  an  ex¬ 
ample  for  this  placement  of  the  aepsrators. 
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At  the  Zircon  Rutile  Limited  plant,  zircon  is  separated  from 
the  collective  concentrate  by  flotation,  with  addition  of  eucalyp¬ 
tus  oil  as  a  frothing  agent-  This  process  extracts  95-97%  of  the 
zircon.  This  particular  plant  produces  a  rutile  concentrate  con¬ 
taining  97*75?  of  titanium  dioxide.  As  we  noted  above,  flotation 
is  no  longer  used  at  the  newer  plants. 

Concentration  of  Tltanomagnetltes  from  the  Kusa  Deposit 

The  enrichment  flow  chart  used  at  the  Kusa  concentration 
plant  is  characteristic  for  concentration  of  native  rocks.  As  we 
noted  earlier,  the  titanomagnetites  of  this  deposit  present  a 
polymetallic  ore  consisting  basically  of  vanadium-bearing  mag¬ 
netite  and  ilmenite. 

TABLE  14 

Concentration  Data  for  Titanomagnetite  Ores  of  Kusa  Deposit 
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The  Kusa  ore  has  the  following  minerological  composition:  60- 
70*  magnetite,  20-30*  ilmenite,  2-10*  chlorite,  and  small  quanti¬ 
ties  of  iron  glance  and  pyrites  [10,  pages  10,  11]. 

In  the  first  concentration  stage,  the  ore  Is  subjected  to 
wet  magnetic  separation  in  drum-type  separators  after  crushing 
to  25  mm  and  smaller.  Ore  containing  41.3*  of  iron  and  10*  titan¬ 
ium  dioxide  produces  a  concentrate  containing  46.6*  iron  and  12.6* 
titanium  dioxide.  The  collective  concentrate  is  fine-ground  to 
1.5-2*  mesh  +40,  with  subsequent  wet  magnetic  separation  on  SE128B 
belt  separators.  The  intermediate  products  are  returned  for  re¬ 
processing. 
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Tne  wet  magnetic  separation  produces  an  iron- vanadium  con¬ 
centrate  and  a  titanium  intermediate  product,  which  is  subjected 
to  flotation  after  separation  of  sludge  and  condensation  in  hy¬ 
draulic  cyclones.  Pyrite  flotation  with  addition  of  200  g/ton 
of  sulfuric  acid,  200  g/ton  of  xanthogenate,  and  40  g/ton  of 
flotation  oil  is  provided  for  acquisition  of  a  low-sulfur  il- 
menite  concentration.  Soda  is  introduced  into  the  pulp  to  soften 
the  water.  Up  to  95%  of  titanium  dioxide  is  extracted  in  the  con¬ 
centrate. 

Data  on  concentration  of  the  Kusa  titanomagnetices  according 
to  [12,  13]  are  given  in  Table  14. 

Prototype  Concentration  Flow  Chart  for  Titanium-Zirconium  Sands 
of  Marine  Origin 

A  prototype  flow  chart  has  been  developed  for  the  concentra¬ 
tion  of  titanium-zirconium  sands  of  marine  origin  [14].  Here  the 
basic  mine rologi cal  fractions  are  represented  basically  by  llmen- 
ite,  rutile,  leucoxene,  zircon,  dlsthene,  sillimanite,  and  stauro- 
lite.  Compan3icn  minerals  are  tourmcline,  chromite,  spinels, 
garnets,  corundum,  andalusite,  chlorite,  and  monazite.  The  light 
fractions  are  quartz  and  clays.  The  granulometric  composition  of 
the  sands  is  characterized  by  the  following  data: 

Fraction,  mm  Yield  of  fraction,  % 


+0-5 

0.4 

-0.5+0.25 

8.2 

-0.25+0.15 

34.8 

-0.15+0.10 

35-7 

-0.10+0.07 

2.0 

-0.07 

18.9 

The  mass  per  unit  volume  of  the  sands  in  the  bed  is  1.9-2.15 
ton3/m^  at  a  moisture  content  of  5 * 6—12 . 3 Jf *  The  ilmenite  grain 
sizes  vary  from  0.25  to  0.07  mm,  those  of  rutile  from  0.25  to  0.06, 
and  those  of  zircon  from  0.15  to  0.06  mm.  Gram  sizes  are  in¬ 
versely  proportional  to  the  densities  of  the  minerals. 

Figure  5  shows  the  process  flow  chart  for  a  concentration 
plant. 

The  preparatory  operations  include  disintegration  and  de- 
s liming.  Disintegration  is  carried  out  in  1600  *  7630-mm  vat 
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Figure  5.  Concentration  flow  chart  for  titanium- 
zirconium  sands  [14], 


washers.  The  desllmlng  process  uses  3000  *  8500-msn  rake  classi¬ 
fiers  with  hydraulic  control  cyclones  at  the  discharge.  Rake 
classifiers  art  used  to  wring  out  the  washed  product  and  spread 
the  sand  out  over  the  tables.  The  primary  concentration  takes 
place  on  211  type  YaSX-1  three-level  concentration  tables.  Of 
these,  136  are  used  for  primary  concentration,  to  to  concentrate 
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the  intermediate  products,  and  18  to  rerefine  the  concentrate. 

The  resulting  collective  concentrate  is  finished  by  electric 
separation,  magnetic  separation,  and  gravity  concentration  on 
tables  for  the  zircon. 

The  collective  concentrate  is  wrung  out  in  one-  and  twc-spi- 
ral  classifiers  with  a  vacuum-drainage  system.  This  reduces  con¬ 
centrate  moisture  content  to  8J.  The  two-spiral  classifiers  have 
the  dimensions  1200  *  8^00  mm,  while  the  single-spiral  machines 
are  1000  *  6500  mm. 

The  concentrates  are  dried  in  two  2200  x  16,000  mm  drum- 
type  driers  and  three  1600  *  8000-mm  n&tural-gas-fired  driers. 

Electrical  separation  is  effected  on  113  EKS-1250  separators, 
of  which  82  are  used  for  crude  concentrate,  13  for  control  separa¬ 
tion  of  the  rutile  concentrate,  10  for  control  of  the  staurolifce 
product,  and  8  for  control  of  the  zirconium  concentrate. 

Twelve  NIGRI-2VK-5  induction-roller  separators  are  used  for 
magnetic  separation.  Of  these,  7  separators  are  used  for  primary 
separation  and  5  for  refining. 

The  nonconductive  fraction  is  subjected  to  reworkirj  on  28 
MS-2  pan-disk  electrostatic  separators.  The  nonmagnetic  fraction 
from  these  separators  is  pumped  to  the  gravity  cycle  through  1000  * 
x  6500-ram  buffering  spiral  classifiers  and  dust  separators.  The 
plant  flow  chart  also  provides  for  the  prepai'afcion  of  disthene- 
sillimanite,  staurolite,  and  monazlte  concentrates. 

Titanium  Concentrates 

Concentrates  with  high  titanium  oxide  contents  can  be  pro¬ 
duced  by  concentration.  Pour  concentrate  grades  are  used  in  the 
Soviet  Union:  rutile,  ilmenite,  rutilized,  and  arizonite  [4,  page 
8;  10,  page  105;  15;  183-  Table  15  lists  the  compositions  of 
these  concentrates. 

The  rutile  and  arizonite  concentrates  are  richest  in  titan¬ 
ium  dioxide.  Rutile  concentrate  is  producted  in  comparatively 
small  quantities  in  the  USSR. 
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TABLE  15 

Chemical  Compositions  of  Soviet  Titanium  Concentrates,  % 


The 


&!> 


1 


arlzonlte  . 

rutil- 

component 

first 

compo¬ 

sition 

second 

compo¬ 

sition 

lzed 

llmenite 

llmenite 

rutile 

TfQ» 

*0,3  ' 

65.31 

63,0 

0 9.0 

65. 3 

61.3 

60,7® 

42.0  . 

93.2 

F tfi. 

25.88 

27.88 
28.4 

23,1 

28.4 

26,6 

12.0 

13.8 

l.8Fetot 

F«0 

— 

— 

33.2 

38,0 

- 

Al  A 

2.0 

3,50 

?.45 

2.18 

3.0 

2.50. 

1.47 

2,75 

1.1 

CrA 

1.38 

4.48 

2.55 

2.80 

5.18 

3.93 

— 

- 

0 .27 

SO. 

l.» 

4,20 

2.14 

1.10 

2.40 

1.79 

1.31 

3.50 

2.44 

tj> 

c*o 

:  0.17 
0.80 
0.34 

900 

kVa 

traces 

0.77 

1.38 

0.22 

M«°  •• 

0,ft 

2.0 

1.32 

0,99 

1.50 

1.23 

0.80 

2.80 

1  1  1 

MaO 

0.85 
1.15 
.  0.98. 

0,90 

1.07 

0.99 

0.54  r 

0.77 

0.18 

VA 

traces 

0.12 

0,08 

traces 

0,06 

0,07 

-  0.88  . 

•  0,25 

0,1! 

ZA 

— 

- 

— 

- 

2.5 

S  ' 

— 

0.03-0,05 

0.4 

- 

other  oxide* 

0.74 

0,73 

- 

0.48 

— 

sum  of  TA, 

F«0.  F.  A 

89.4 

54.4 
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88,79 

— 
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The  arizonite  concentrate  is  characterized  by  high  chrc.nl  um- 
and  manganese-oxide  contents.  As  a  rule,  the  monomineral  arizon¬ 
ite  contains  the  following  impurities,  which  are  included  into  Its 
lattice:  from  0.05  to  1 . 75Jf  CrgO^  up  to  0.4*  from  0.08  to 

0.17*  MnO,  and  0.8-0. 9 %  .‘<g0. 

The  rutilized  concentrate  is  quite  rich  in  Ti02;  it  also  con¬ 
tains  minimal  amounts  of  the  most  undesirable  admixtures.  In  the 
USSR,  this  concentrate  is  extracted  from  alluviofluvial  placer 
deposits.  Owing  to  the  low  chromium  contents,  it  is  of  particular 
value  for  the  titanium-pigment  industry. 

TABLE  16 

Minerplogical  Compositions  of  Titanium  Concentrates,  t 


Table  16  gives  the  minerological  compositions  of  various  ti¬ 
tanium  concentrates  [4,  page  10;  105;  15»  16J*  As  the  data  indi¬ 
cate,  all  four  concentrate  types  differ  in  minerological 
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TABLE  18 

Typical  Chemical  Compositions  of  Rutile  Concentrates 
Produced  Abroad t  jf 


Travau- 

. Australia 

component 

Florida 

core 

roonn 

lat  com- 

2nd  cow- 

(India) 

position 

position 

& 

S3, 64 

3.56 

{6,41 

M4 

•  or.M 

0.64 

15.74 

0.40 

06.77 

OJSS 

AJA 

0M 

_ 

1.8 

0,14 

MnO, 

0,06 

0.0J 

we 

0.00 

oo 

w 

0.16 

0,04 

M 

0,01 

0,06 

0,60 

0.30 

0,» 

•  0,00  •  • 
0.04 

—  # 

0.14 

o.a 

0.30 

0.10 

0.06  • 

0.10 

s 

— 

e.ao 

e.os 

P|0| 

0.10 

0.04 

0.46 

0.11 

Mu 

t.m 

1.40 

0.11 

0.43 

0.16 

.  0.00 

Xtt 

•  0,» 

olir 

•  •TTr 

— _ 

composition.  This  causes  them  to  behave  differently  when  the 
iron  oxides  are  reduced  in  subsequent  metallurgical  processing. 

We  list  below  certain  physical  properties  of  the  titanium 
concentrates  [10,  page  105;  15;  18]. 


Arlzonite 

Rut ill zed 

Ilmenite 

Density,  g/cm^ 

3.96 

4.27-4.28 

4.22 

Bulk  mass,  tor.s/m^ 

2.10-2.11 

2.94-2.96 

2.34-2.35 

Bulk  mass  after  shake- 
down,  tons/m^ 

2.19-2.21 

3.13-3.17 

-- 

Initial  sintering  tem¬ 
perature,  °C 

1350 

950-1000 

850-90G 

Concentrate  resistivity, 
R/cm3  x  jo5 

>4 

5.75 

1.38 

Granulometric  compos 1. -ion, 

%,  at  grain  sizes  of,  in  m: 


+0.0 . 

0,00 

36,64 

0.* 

—0,640,1  ....... 

0.60 

44.11  , 

JO.44 

-0,6+0,  W . 

0.7© 

I7.M 

i*,os 

— 0,16+0;ll . 

40.60 

2*? 

10.00 

-0.11 . 

40,00 

1,14 

36.74 

Table  17  gives  the  compositions  of  certain  ilmenite  concen¬ 
trates  produced  abroad,  and  fable  18  those  of  foreign  rutile  con¬ 
centrates  [19]. 
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The  mlnerological  compositions  of  the  domestic  concentrates 
(see  Table  16)  indicates  that  they  contain  individualized  minerals 
that  do  not  contain  titanium.  The  include  staurolite  and  chrome 
spins!  in  the  arizonite  concentrate;  geikielite,  pyrophauite,  and 
silicates  in  the  rutilized  concentrate;  chlorite,  biotite,  garnet, 
and  quartz  in  the  ilmenite  concentrate.  Research  has  shown  that 
these  nonmetallic  minerals  can  be  removed  from  the  concentrates  bv 
secondary  purification.  One  of  the  possible  methods  is  reductive 
magnetizing  annealing  of  the  concentrate  with  subsequent  magnetic 
separation.  This  removes  about  50*  of  the  nonmetallic  minerals  in 
the  nonmagnetic  fraction,  the  yield  of  which  is  5-10*  [*<»  page  8]. 

Further  repurification  of  the  concentrates  increases  their 
cost,  but  the  investment  is  returned  in  the  chlorination  process 
by  the  higher  extraction  of  titanium,  higher  equipment  produc¬ 
tivity,  and  improved  quality  of  the  titanium  tetrachlorxde. 

A  method  has  also  been  proposed  for  acquisition  of  technical 

titanium  dioxide  from  arizonite  concentrate  with  a  composition 

n  \ 

approaching  that  of  the  rutile  concentrate!  '  In  this  method,  the 
crushed  arizonite  concentrate  is  subjected  to  reductive  annealing 
with  natural  gas  (in  a  fluidized  bed  at  800-1000° C).  Since  un¬ 
diluted  natural  gas  is  used  in  this  process,  92-96*  of  the  iron 
oxides  are  reduced  to  the  metal.  The  reduced  concentrate  is  then 
leached  in  dilute  acid,  and  the  product,  which  contains  90-55* 
of  titanium  dioxide,  is  used  to  produce  titanium  tetrachloride. 

This  process  is  economically  justifiable  for  concentrates 
containing  relatively  small  amounts  of  iron. 

As  a  result,  a  product  similar  to  rutile  concentrate  is  ob¬ 
tained  from  the  ilmenite  or  arizonite  concentrate. 

Titanium  concentrates  can  be  further  enriched  by  ordinary 
electrostatic  separation.  Then,  however,  10-20*  of  titanium  diox¬ 
ide  goes  into  the  intermediate  product,  and  this  makes  its  subse¬ 
quent  refinement  more  difficult. 

All  of  these  new  methods  are  under  development.  Only  the 
process  in  which  the  concentrates  are  smelted  to  produce  rich  ti¬ 
tanium  3 lags  and  pig  iron  has  come  into  extensive  use  in  industry. 
Footnote  (i)  arpears 'oh~page~3T. 
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Chapter  7 

PHYSICOCHEMICAL  FUNDAMENTALS  OF  THE  ELECTROTHERMAL 
.  REDUCTION  OF  TITANIUM  CONCENTRATES 

Metallic  titanium  is  now  produced  chiefly  from  titanium  tetra¬ 
chloride.  There  la  also  a  trend  toward  the  production  of  pigment 
titanium  dioxide  from  titanium  tetrachloride.  For  this  reason, 
the  industrial  ore  raw  material  mu3t  have  a  composition  that 
meets  the  requirements  of  the  chlorination  process. 

The  smaller  the  amount  of  impurities  entering  the  chlorinator, 
the  higher  will  be  the  extraction  of  titanium  in  the  purified 
titanium  tetrachloride;  chlorine  consumption  will  al3o  be  lower, 
working  conditions  will  be  improved,  and  the  net  cost  of  the  ti¬ 
tanium  tetrachloride  will  be  reduced.  Direct  chlorination  of  il- 
menite  concentrate  so  complicates  the  process  of  chlorination  and 
purifying  the  resulting  TiCljj  from  the  large  amount  of  impurities 
that  it  is  more  advantageous  in  practice  to  separate  the  iron  from 
the  concentrate  before  chlorination.  This  is  now  done  by  smelting 
the  ilmenite  to  rich  titanium  slag,  with  reduction  of  the  iron 
oxides  to  the  metal  [10,  page  82;  11;  193-  Pig  iron  and  titanium 
slags  are  the  commercial  products  from  ilmenite-concentrate  smelt¬ 
ing.  The  r.et  cost  of  the  slag  is  reduced  substantially  when  use¬ 
ful  pig  iron  is  produced. 

Metallurgists  were  long  ago  attracted  by  the  possibility  of 
concentrating  titanium  oxides  by  metallurgical  methods.  Early 
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studies  of  titanomagnetite  smelting  in  blast  furnaces  demonstrated 
ti'e  practical  feasibility  of  producing  a  titanium-rich  fluid  slag 
[19-21].  The  first  Russian  studies  of  electric  smelting  of  ilmen- 
ite  concentrates  were  carried  ou'  in  1917  by  MLS.  Maksimenko  [15]. 
Titanium  slags  were  produced  by  ore-reduction  smelting  of  an  il- 
menite  concentrate  containing  49*171  TiOg. 

In  1929,  S.S.  Shteynberg  and  P.S.  Kusakin  experimented  with 
smelting  of  titanium  ore  in  an  electric  furnace  to  produce  ferro- 
titanium  [22].  Ilr.ienite  with  a  content  of  52.3?  Ti02  and  titano- 
magnetite  containing  14.1?  Ti02  were  used  for  the  melts.  The  re¬ 
sulting  slag  contained  78-82?  Ti02,  with  iron  and  manganese  oxides 
making  up  the  remainder. 

M.N.  Sobolev  described  certain  other  experiments  in  the  elec¬ 
tric  smelting  of  titanium  magnetites  [233*  Industrial  studies 
made  at  the  Zaporosh'ye  Ferroalloys  Plant  laid  the  foundations 
for  systematic  research  towiard  a  process  for  acquisition  of  rich 
titanium  slags  [16;  19;  24,  pages  16  and  23]. 

Reduction  of  Iron  Oxides  fro*  Titanium-Bearing  Minerals 

It  was  assumed  early  in  the  research  that  ilmenite  disso¬ 
ciates  into  PeO  and  Ti02  during  the  reduction  process.  However, 
subsequent  x-ray  structural  analyses  indicated  that  this  dissocia¬ 
tion  does  not  occur. 

0. I.  Chufarov  and  Ye.P.  Tatlyevskaya  [25]  investigated  the 
reduction  kinetics  of  ilmenite  for  gaseous  and  solid  reducing 
agents.  Reduction  of  pure  titanium  dioxide  was  also  studied  fox* 
comparison.  The  experiments  were  conducted  in  a  vacuum  with  con¬ 
tinuous  pumping  of  the  gaseous  reaction  products  by  !.igh-vacuum 
pumps.  It  was  established  that  the  reduction  of  ilmenite  begins 
at  considerably  higher  temperatures  than  the  reduction  of  ferrous 
oxide. 

It  was  also  found  that  the  reduction  of  ilmenite  and  titan¬ 
ium  dioxide  by  graphite  proceeds  slowly.  Only  85?  of  the  ferrous 
oxide  had  been  reduced  to  the  metal  in  Ilmenite  held  for  15  hours 
at  1150°C.  Under  the  same  conditions,  only  4.5?  of  titanium  diox¬ 
ide  had  been  reduced  after  18  hours. 
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It  was  established  that  in  the  presence  of  gaseous  reaction 
products  (mainly  CO),  the  reduction  rate  increases  to  some  degree 
for  ilmenite  and  titanium  dioxide.  Increasing  the  carbon  mono¬ 
xide  partial  pressure  also  accelerates  reduction.  Reduction  by 
carbon  monoxide  proceeds  more  rapidly  in  the  presence  of  graphite 
than  in  its  absence.  The  authors  explain  this  in  terms  of  the 
reaction  cf  carbon  dioxide  with  carbon,  which  increases  the  CO 
partial  pressure,  thus  helping  accelerate  the  reduction  process. 

Reduction  rate  is  shown  as  a  function  of  the  nature  of  the 
reducing  agent  in  Fig.  6  for  ilmenite  and  Fig.  7  for  titanium 
dioxide. 


We  see  from  these  figures  that  the  titanium  dioxide  present 
in  ilmenite  is  reduced  to  TigOj'TiOg  considerably  more  easily  than 


pure  titanium  dioxide. 


o  n  to  so  st  mo  t.v  ns 
degree  of  reduction,  Z 

Figure  6.  Rates  of  reduc¬ 
tion  of  ilmenite  by  var¬ 
ious  reducing  agents  at 
1100° C.  1)  Graphite  in 
vacuum;  2)  graphite  with 
accumulation  cf  gaseous 
products  in  reactor;  3) 
carbon  monoxide  at  pres¬ 
sure  of  150  mm  Hg;  U) 
graphite  with  carbon  mono¬ 
xide  at  pressure  150  mm  Hg. 
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With  a  large  graphite  ex¬ 
cess  and  rubbing  out  after  each 
experiment,  titanium  dioxide 
could  be  reduced  to  TigO^'TlCb, 
only  at  1150° C. 

On  the  basis  of  their  data, 
the  authors  concluded  that  il¬ 
menite  is  reduced  by  carbon  mono¬ 
xide,  and  that  this  process  ad¬ 
vances  without  decomposition  of 
the  ilmenite  intc  its  components. 
Here  the  reduction  of  the  ferrous 
oxide  accelerates  the  reduction 
of  the  titanium  dioxide  associ¬ 
ated  with  it. 

In  the  case  of  vacuum  reduc¬ 
tion  of  manganese  oxides  and  il¬ 
menite,  the  authors  demonstrated 
an  inhibiting  effect  of  SiC>2, 

A1 and  additives  that 

results  from  the  smaller  reaction 
surface  presented  by  the  chemical 
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Figure  7*  Rates  of  reduc¬ 
tion  of  titanium  dioxide 
by  various  reducing  agents 
1)  Graphite  in  vacuum  at 
1150°C;  2)  carbon  monouide 
at  11C0°C  and  pressure  of  A.V.  Rudneva  established  that 

n?0^C,Hwith  accumulation  the  titanlum  sesquioxide  formed  in 

of  gaseous  products  in  re-  the  reduction  process  dissolves  in 

wnhrno^Chratioeofmen  the  llmenite  lattice  t26»  2^- 

1:1.5);  4)  graphite  and  reaction  of  natural  ilmenite,  which 

carbon  monoxide  at  1150°C  corresponds  to  the  formula  3Fe0*Ti02- 

p^PjeSSUre  'Peo°o>  with  titanium  sesquioxide 

5)  hydrogen  at  1100° C  and  23 

pressure  of  150mm  Rig.  wa:,  investigated  in  [28,  page  75]. 

The  change  in  phase  composition  was 
studied  as  the  proportions  of  ilmenite  and  titanium  sesquioxide 
were  varied  from  0.1:1  to  4:1  and  temperature  was  varied  from  1300 
to  1700°C.  It  was  established  that  up  ;o  a  ratio  of  0.5:1,  the 
reaction  takes  place  in  the  solid  solution  with  formation  of  metal¬ 
lic  iron.  This  reaction  is  preceded  by  formation  of  the  mineral 
tagirovite  (FeO'TlOj.TijO^ .  Beginning  at  proportions  of  0.5:1 

and  extending  to  1.5:1,  reduction  is  accompanied  by  formation  of 

(1) 

anosovite  [(Fe,Kg,  Mn)O*2TiO2*Ti305].  Here,  there  are  no  tagiro¬ 
vite  or  ilmenite  phases.  Beginning  at  proportions  of  2:1  and  up 

Footnote  (1)  appears  on  page  109. 
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compounds  that  form  -  silicates, 
aluminates,  and  ferrites.  On  the 
other  hand,  alkali-metal  salts,  and 
potash  in  particular,  have  a  strong 
activating  effect  on  the  reduction 
of  ilmenite. 

.  sese  hypotheses  were  con¬ 
firmed  by  work  done  at  the  A. A. 
Baykov  Institute  of  Metallurgy. 

It  was  shown  that  the  reduction  of 
ferrous  oxide  from  ilmenice  is 
accompanied  by  reduction  of  titan¬ 
ium  dioxide  to  lower  oxides  [19]. 
The  free  energies  of  the  reactions 
that  take  place  here  and  those  of 
the  reactions  In  which  titanium 
oxides  are  formed  from  the  ele¬ 
ments  are  given  in  Table  19. 


1:1.5);  4)  graphite  and 
carbon  monoxide  at  1150°C 
and  pressure  of  150  nun  Hg; 
5)  hydrogen  at  1100° C  and 
pressure  of  150  mm  Kg. 


-JN'<  ' 


i 


$ 


TABLE  19 

Variation  of  Free  Energies  for  Certain  Reactions 


reaction 

C*l/ 

(dtg*g*«ole) 

liter- 

»tUJT« 

•ourc« 

r«O-Tia  +  C*F«  +  TI0*+CD 

•//«o .  T:o,+c».y/* + v,™J+co 

62 

37910 — 33, W 
40106— 36, 3W 
42434 — 36, STf 
MW4— 37.KT 

l»l 

&&¥»&&&»+» 

F«+n+l»/AWF«oriO, 

— M9C4+6,6T 

-3960+1  ,nr 

-28BOO+85.JT 

F»-fXTl+Jr80,-.F^)-  mo, 

*n+VA-i%0k 

"  62 

r-smmaafM.tr 
tfjw  i>w 

-flwvwr 

-imwiiw.iw 

-wt&ixir 

IKp-Mj 

to  4:1-,  llmenite  appears  in  the  solid  solution,  containing  up  to 

10*  Ti203. 

Because  of  the  formation  of  solid  solutions  in  the  ilmeuite- 
titanium  sesquioxide  system,  the  reduction  processes  under  real 
conditions  differ  substantially  from  those  calculated  from  thermo¬ 
dynamic  data  without  consideration  of  solid-solution  formation. 

It  has  been  established  that  1.95*  of  ilmenite  added  to  Ti203 
is  completely  dissolved  in  the  titanium  sesquioxide  lattice,  with 
the  result  that  a  single-phase  solid  solution  forms.  Use  of 
smaller  ilmenite  additives  results  in  the  formation  of  TijO^  and 
metallic  Aron  [10,  page  42]. 

The  reaction  of  titanium  monoxide  (TiO)  with  ilmenite  was 
studied  in  [29].  The  starting  materials  were  natural  ilmenite 
containing  no  trivalent  iron  and  titanium  monoxide  containing 
96*  TiO  and  4*  TIO^.  The  Ilmenite-monoxide  ratio  was  varied  from 
0.1:1  to  3:1. 
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The  experiments  were  conducted  in  an  argon  atmosphere  at  tem¬ 
peratures  ranging  from  1300  to  1700°C.  The  completeness  of  the 
reaction  between  the  llmenite  and  titanium  monoxide  was  determined 
from  the  amount  of  metallic  iron  in  the  reaction  products. 

It  was  established  that  the  extent  of  ferrous-oxide  reduc¬ 
tion  declines  witn  rising  temperature  at  all  ilmenite-ticaniura 
oxide  proportions.  More  of  the  titanium  oxide  than  the  sesqui- 
oxide  is  broken  down.  Characteristically,  a3  in  the  case  of  the 
reaction  between  ilmenite  and  titanium  sesquioxide,  the  reaction 
does  not  go  to  completion  owing  to  the  formation  of  tagirovite  and 
anosovite  solid  solutions.  The  authors  conclude  that  with  the 
proportions  FeO'TiO^TiO  <  1:1,  the  reaction  proceeds  on  the 
scheme 

FeO- 710,+.3Ti0  —  Fe^-f-TIW 

but  for  Fe0-Ti02:T10  >1:1  according  to  the  scheme 

3FeOTIO,+TIO«F«-w+2FeO‘7nOr 

It  has  been  reported  that  the  products  fuse  as  the  ilmenite- 
monoxlde  ratio  is  increased  beyond  1.5sl  -  something  that  was  not 
observed  in  sesquioxide  experiments. 


Figure  8.  Reducibility  of  ilmenite 
concentrate  by  hydrogen  at  various 
temperatures,  °C:  1)  800;  2)  900; 
3)  1000;  4)  1100;  5)  1200. 


These  studies  indicate  that  the  reduction  of  ferrous  oxide 
from  ilmenite  i3  complicated  by  the  presence  of  lcrer  titanium 
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Figure  9*  Reducibility  o.f  titan¬ 
ium  concentrates  by  solid  carbon 
at  various  temperatures :  1)  il- 
menlte  concentrate;  2)  arizonite 
concentrate. 

oxides.  Ar,  the  ferrous  oxide  content  declined  in  the  system, 
lower  titanium  oxides  accumulated. 

V. A.  Reznichenko  et  a?..  [16]  studied  the  reducibility  of  il- 
menite  concentrate.  Figure  8  presents  data  on  the  reducibility  of 
ilmenite  concentrate  by  hydrogen,  while  the  reducing  agent  in  Fig. 
9  is  solid  carbon.  Figure  8  indicates  that  when  hydrogen  is  the 
reducer,  the  best  results  are  obtained  at  1100°C.  A  further  rise 
in  temperature  inhibits  reduction.  This  inhibition  is  not  ob¬ 
served  during  reduction  by  solid  agents. 

The  hydrogen  reducibility  of  a  finely  ground  mechanical  mix¬ 
ture  of  Fe.,0g  +  3Ti02  (which  corresponds  to  the  composition  of 
arizonite),  natural  arizonite  concentrate,  ana  rutilized  ilmenite 
was  studied  in  [10,  page  82].  The  results  presented  in  Figs.  10 
and  11  indicate  that  the  iron  is  most  easily  reduced  from  the 
mechanical  mixture  of  Fe^O^  +  3T10  [sic]  and  that  the  arizonite 
concentrate  is  most  difficult  to  reduce.  Reiucibility  was  studied 
up  to  900°C,  at  which  point  practically  no  lower  titanium  oxides 
formed  and,  consequently,  solid  solutions  of  ilmenite  with  these 
oxides  and  anosovite  could  not  form.  The  results  obtained  by 
these  authors  indicate  that  rutilized  ilmenite  and  the  arizonite 
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Figure  10.  Reduclbility 
of  titanium-bearing  mate¬ 
rials  by  hydrogen  at  700°C. 
1)  Mixture  of  Fe^  + 

+  3Ti02;  2)  ilrnenite  con¬ 
centrate;  3)  ari zonite 
conce/itrate. 


Figure  11.  Reduclbility 
of  titanium-bearing  mate¬ 
rials  by  hydrogen  at  900° C. 
1)  Mixture  of  Fe203  + 

+  3Ti02»  2)  ilrnenite  con¬ 
centrate;  3)  ari zonite 
concentrate. 


phase  are  more  difficult  to  reduce  than  the  free  ferric  oxide. 

The  same  source  report  a  study  of  the  reduclbility  of  pure 
ilrnenite,  rutilized  ilrnenite,  and  arizonite  concentrates  by  solid 
carbon  at  1250CC.  Bricqu'tces  were  made  from  a  mixture  of  the 
concentrate  and  ground  petroleum  coke,  taken  in  a  mass  of  log  of 
that  of  the  concentrate.  The  material  was  reduced  in  a  current 
of  argon.  The  results,  which  appear  in  Fig.  12,  indicate  chat 
the  arizonite  concentr  *e  is  more  difficult  to  reduce  than  the 
rutilized  ilrnenite  concentrate. 

TABLE  20 

Chemical  Composition  of  Ilrnenite  Concentrates,  { 
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Figure  12.  Reducibi.il ty  of 
titanium  concentrates  by 
3olld  carbon  at  1250° C.  1) 
Ilmenlte  concentrate;  2) 
rutllized  ilmenlte  concen¬ 
trate;  3)  arizonite  con¬ 
centrate. 


Scaled-up  laboratory  studies 
were  also  carried  out  to  investi¬ 
gate  preliminary  reduction  c°  il¬ 
menlte  concentrates  in  a  rc  iry 
electric  furnace  100  mm  in  inside 
diameter  and  1.5  m  long.  Powdered 
slag  and  granules  were  used  for 
the  experiments  [10,  page  96]. 

The  temperature  in  the  reduc¬ 
tion  zone  was  varied  from  900  to 
1250°C.  Table  20  show3  the  com¬ 
positions  of  the  initial  concen¬ 
trates.  Optimum  conditions  were 


determined  for  this  process,  as  follows:  temperature  1250  £  10° C, 


amount  of  reducing  agent  10%  of  concentrate  mass,  furnace  tilt 


angle  1.5°»  charging  rate  4  kg/h.  Under-  these  conditions,  the 


iron  cxide3  were  58-65*  reduced. 


The  authors  established  that  iron  and  titanium  are  reduced 
simultaneously  as  the  tenperature  is  raised.  At  1200-1250°C,  no 
ilmenlte  is  found  in  the  reduced  product,  but  there  are  larger 
amounts  of  tagirovite,  anosovlte,  and  metallic  iron.  On  the  basis 
of  these  experiments,  the  authors  submit  the  following  scheme  for 
the  reduction  of  ilmenlte  at  temperatures  above  1150°C: 


nftfi,  •  m  (Ft,  Mg,  Mn)  O  • 
■TK),-(Pt.  Me.  Mn)0- 

•  •no,-T>A+«(F«.A'c 
Mn)0.2TKVw(F«,TWV 
••TWlt+F*. 


The  source  cited  here  [10,  page  96]  attests  to  the  unique¬ 
ness  and  difficulty  of  the  process  in  which  iron  oxides  are  re¬ 
duced  from  ilmenlte  in  the  solid  phase  as  compared  with  the  re¬ 
duction  of  purely  iron-ore  minerals. 

In  [10,  page  86],  a  study  was  made  of  the  redueibillty  of 
unground  ilmenlte,  rutllized,  and  arizonite  concentrates  at  tem¬ 
peratures  from  1000  to  1350°C.  The  granulometric  compositions  of 
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the  starting  concentrates  were  given  on  page  82. 

It  was  established  that  the  ilmenite  concentrate  has  the  best 
reducibility  at  1200° C,  the  arizonite  concentrate  is  second,  and 
the  rutilized  concentrate  the  most  difficult  to  reduce.  This  se¬ 
quence  of  the  concentrates  is  explained  in  part  by  their  dif¬ 
fering  granulometric  compositions .  The  coarser  rutilized  ilmen¬ 
ite  concentrate  was  reduced  more  slowly. 

It  was  established  that  the  fineness  to  which  the  reducing 
agent  —  antnracite  —  was  ground  influences  concentrate  reduci¬ 
bility.  Use  of  fine-ground  anthracite  (-0.07**  ram)  In  the  tempera¬ 
ture  range  from  1000  to  i200°C  increases  the  reducibility  of  the 
concentrate  by  comparison  with  coarser  anthracite  (0.25  mm).  This 
difference  is  levelled  at  1300°C.  At  1300°C,  the  reducibility  of 
3  briquetted  charge  is  higher  than  that  of  a  powdered  charge. 

Interest  attaches  to  the  research  of  M.B.  Rapoport  and  V.M. 
Kozlov  [15],  In  these  studies,  the  charge  was  composed  of  un¬ 
ground  concentrates  with  anthracite  added  [13  part3  (by  mass)  for 
the  ilmenite  concentrates  and  9-5  parts  (by  mass)  for  the  arizo¬ 
nite  concentrates].  The  charge  was  briquetted  under  a  pressure  of 
8C0  kgf/cm2  after  addition  of  6 t  of  sulfite  liquor.  Briquettes 
30  mra  In  diameter  and  20-25  mm  high  were  formed.  After  drying, 
they  were  placed  in  a  graphite  crucible  under  an  anthracite 
blanket.  The  crucible  with  the  briquettes  was  placed  in  a  furnace 
that  had  been  preheated  to  1000-1 300° C. 

TABLE  21 

Degree  of  Reduction  of  Iron  and  Titanium  Oxides  from 
Titanium  Concentrates 
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>rhe  Fetot’  Femet  ’  Titot>  73  2+*  and  Ti3+  3n  fche  final  final 
product  were  determined.  The  results  of  these  experiments  appear  cel 

in  iable  21.  This  table  shows  that  reduction  of  ferrous  oxide  at  7^i 

temperatures  above  1000°C  is  accompanied  by  simultaneous  reduction  tra 

of  the  titanium  dioxide  to  a  lower  oxidation  state.  At  tempera-  ^n6 

tures  above  1300°C,  on  the  other  hand,  the  reducibility  of  the 

charge  declines  because  of  the  onset  of  sintering  and  formation  rat 

of  tagirovite  and  anosovite  solid  solutions.  est 

The  reduction  of  titanium  dioxide  by  carbon  (calcined  petro-  C 32 

leum  coke)  mixed  with  hydrogen-reduced  metallic  iron,  alumina  tio1 

concentrated  by  acid  washing,  quartz  sand,  chemically  pure  cal-  the 

cium  oxide,  and  metallic  silicon  as  additives  was  investigated  in  aet< 

[30].  ilm< 

It  was  found  that  the  reaction  of  TiC>2  with  carbon  begins  at  by 

about  950°C.  At  1800°C,  reduction  proceeds  to  the  formation  of  onlj 

3.C  CC 

a  TiO-TiC  solid  solution.  Reduction  is  more  complete  in  the  pre¬ 
sence  of  iron  and  in  the  1600-1800°C  temperature  range  all  of  p^rt 

the  titanium  is  converted  to  TiC  or,  more  probably,  to  TiCN.  The  fc“at 

additive  promotes  more  complete  reduction.  Silica,  calcium 
oxide,  and  silicon  have  no  discernible  influence  on  TiC>2  reduction.  nate 

It  has  been  established  by  O.A.  Yesin,  P.V.  Gel’d  [31,  32]  ture 

*  S  3 

and  other  investigators  that  the  slowest  stage,  that  which  deter-  A 

Tncr 

mines  the  rate  of  the  iron-oxide-reduction  process  at  high  tem¬ 
peratures,  is  the  gasification  reaction  of  carbon:  duct 

Calc 

C  +  CO,— 2CO.  (2) 

The  carbon  monoxide  formed  in  this  reaction  is  the  basic  re-  tant 

ducing  agent  in  this  particular  system.  in  i 

2.P.  Chukhanov  [25,  page  16ft]  indicates  that  it  is  impossible 
to  bring  about  a  state  of  the  process  in  industrial  furnaces  such  tani 

that  the  reaction  rate  would  be  high  enough  to  cause  all  of  the  pera 

C02  to  Interact  with  carbon  to  form  carbon  monoxide,  and  for  this  are 

reaction  to  be  independent  of  coke  activity.  According  to  Z.P.  Most 

Chukhanov’s  calculations,  this  would  require  a  temperature  above  molt' 

2000° C.  the  : 
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It  has  been  established  that  the  reduction  reactions  are  ac¬ 
celerated  in  the  presence  of  alkali-metal  salts  and  mineral  oxides. 
This  is  because  the  metals  in  these  additives  are  capable  of  pene¬ 
trating  into  the  carbon  lattice,  deforming  it,  and  thereby  enhanc¬ 
ing  its  chemical  activity* 

Addition  of  alkali-  and  alkaiine-earth-metal  salts  accele¬ 
rates  the  reduction  of  ilmenite  in  the  solid  phase.  This  was 
established  by  E.V.  Britske  et  al.  [33],  O.A.  Eysin  and  P.V.  Gel'd 
[32],  and  G.I.  Chufarov  [25].  E.V.  Britske  found  that  tha  addi¬ 
tion  of  KgO  in  an  amount  equal  to  10J  of  charge  mass  accelerates 
the  reduction  process  by  a  factor  of  5-10.  G.I.  Chufarov  et  al. 
determined  that  a  potash  additive  accelerates  the  reduction  of 
ilmenite  by  carbon  monoxide  in  the  presence  of  carbon  at  1050°C 
by  a  factor  of  3-9,  while  carbon  mcnoxide  alone  accelerates  it 
only  by  1.5-2  times.  This  indicates  that  the  above  additives 
accelerate  gasification  of  the  carbon,  lowering  the  carbon  dioxide 
partial  pressure  and  raising  that  of  the  monoxide.  It  is  this 
that  accelerates  the  reduction  processes. 

The  effects  of  soda,  calcium  carbonate,  and  magnesium  carbo¬ 
nate  on  the  reduction  of  arizonite  concentrate  at  various  tempera¬ 
tures  were  studied  ir.  [10,  page  86].  It  was  found  that  reduction 
is  accelerated  by  addition  of  soda  only  up  to  a  content  of  3%. 
Increasing  the  soda  additive  above  3X  does  not  accelerate  the  re¬ 
duction  of  ferrous  oxide.  Sodium  chloride  has  a  similar  effect. 
Calcium  and  magnesium  carbonate  additives  Inhibit  reduction. 

Reduction  of  ferrous  oxide  in  the  molten  slag  is  an  in5>or- 
tant  factor  in  the  smelting  of  rich  titanium  slags.  Just  as  it  is 
in  iron  smelting  [3*»,  35]. 

It  has  been  established  that  when  a  charge  consisting  of  ti¬ 
tanium  concentrate  and  a  reducing  agent  is  melted  —  even  at  tem¬ 
peratures  of  1350-liJ00oC  —  the  ferrous  oxide  and  titanium  oxides 
are  reduced  only  to  an  insignificant  degree  in  the  solid  phases. 
Host  of  the  reduction  of  the  ferrous  oxide  takes  place  in  the 
molten  slag.  As  we  noted  earlier,  TijO^  and  TiO  accumulate  in 
the  slag  as  the  iron  is  reduced  from  its  lower  oxide.  The 
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contents  of  FeO,  TiOj,  TigO^,  and  TiO  in  the  slag  are  interrelated 
and  determined  by  the  equilibrium  conditions  established  in  this 
process. 

To  ascertain  the  mechanism  by  which  ferrous  oxide  is  reduced 
in  thermal  smelting  of  the  ores,  it  will  be  necessary  to  dwell  on 
the  behavior  of  titanium  carbide  in  this  process.  We  know  that 
there  is  practically  no  reduction  of  titanium  oxides  to  the  metal 
by  carbon,  because  titanium  carbide,  which  is  a  stable  compound, 
is  formed  at  high  temperatures  instead  of  metallic  titanium.  When 
ferrous  oxide  is  present  in  the  slag,  the  titanium  carbide  reacts 
with  it  as  follows: 

HC+ 2FeO~*TK)  +  2Fe  +  00.  (3) 

Since  titanium  oxicarbide  (TiO-TIC)  is  present  in  the  slag, 
another  possible  reaction  is 

TJO  TJC+3F«0~»T»A>.  t  CO+3F«.  (*»; 

Thus,  ferrous  oxide  can  be  reduced  from  -he  slag  not  only  with 
solid  carbon,  but  also  with  titanium  carbide,  which  forms  at  tem¬ 
peratures  above  l600°C  (formation  of  titanium  oxicarbonitrides  is 
al3o  possible).  Since  carbon  monoxide  is  formed  in  all  of  these 
reactions,  vigorous  bumping  of  the  vat  facilitates  contact  between 
the  solid  caroon,  the  slag,  and  the  iron. 

TABLE  22 

Losses  of  Calcium  Oxide  and  Magnesium  Oxide  During  Smelting 
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The  possibility  of  activation  of  the  ferrous-oxide  reduction 
when  calcium  and  magnesium  oxides  are  present  in  the  slag  should 
be  borne  in  mind.  Table  22  gives  data  on  the  losses  of  calcium 
oxide  and  magnesium  oxide  during  smelting,  as  calculated  from 
material-balance  results  [16]. 

From  the  above,  and  from  the  data  given  in  Table  22,  we  see 
that  the  losses  of  silicon,  calcium,  and  magnesium  are  several 
times  greater  than  those  of  titanium  and  iron.  It  is  demonstrated 
in  [25,  page  126]  that  calcium  is  reduced  to  metallic  calcium 
vapor  with  subsequent  formation  of  calcium  carbide.  Naturally,  a 
certain  fraction  of  the  calcium  vapor  escapes  from  the  furnace 
with  the  current  of  reducing  gar.  and  is  oxidized  outside  the 
melt  to  finely  dispersed  calcium  oxide. 

TABLE  23 

Distribution  of  .Silicon  in  Smelting  Products  [16] 
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Magnesium  oxide  present  in  the  slag  can  also  be  reduced  to 
metallic  magnesium,  which  transfers  to  the  vapor  phase.  The  re¬ 
duction  of  magnesium  oxide  to  the  metal  can  also  occur  on  inter¬ 
action  of  MgO  with  titanium  carbide,  according  to  the  reaction  [2] 

2MgO-f-TiC-»2MgJ  +COf  +H0.  (5) 

The  formation  of  calcium  and  magnesium  vapor  helps  accelerate 
the  reduction  of  iron  oxides  from  the  molten  slag. 
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It  follows  from  the  survey  given  above  that  the  reduction  of 
ferrous  oxide  from  liquid  slags  during  smelting  of  ilmenite  con¬ 
centrates  in  an  electric  furnace  can  take  place  at  a  high  rate, 
and  this  is  observed  in  practice.  This  point  is  of  great  impor¬ 
tance  for  intensification  of  the  smelting  process.  There  is  no 
need  for  the  smelting  to  wait  for  a  slow  stage  in  which  iron  is 
reduced  in  the  solid  phase;  it  is  recommended  that  its  reduction 
be  forced  directly  in  the  liquid  slag.  This  peculiarity  of  fer¬ 
rous-oxide  reduction  forms  the  basis  for  a  fluxless  method  of 
smelting  ilmenite  concentrate  to  rich  titanium  slag(2^ 

Silica  reduction  processes  are  an  important  factor  in  ther¬ 
mal  ore  smelting.  Like  carbon,  silicon  is  a  very  strong  reducer 

of  silicon  dioxide  to  the  monoxide.  Silicon  reduces  SiO  more 

2 

rapidly  than  does  carbon. 

Under  these  conditions,  the  reduction  of  Si02  by  silicon  can 
be  represented  by  the  scheme 

SiOg,^  +  Sl(f4  ■  2SiQitM 
2SjQtfM)  2Q„)  °  2SI(,n  -f-  2QW 
5*0.(n)  +  2C|ta)  =■  Sf(:*  +  2CG>raat 

These  reactions  result  in  considerable  depletion  of  silicon 
monoxide  from  the  melt  during  smelting. 

Pig  iron  contains  0. 36-0.7?  silicon.  Table  shows  its  dis¬ 
tribution  among  the  smelting  products.  While  95-96?  of  the  ti¬ 
tanium  dioxide  is  extracted  into  the  slag,  the  figure  is  only 
57-82 ?  for  silicon  dioxide.  This  is  a  result  of  rapid  depletion 
of  the  monoxide  from  the  furnace  because  of  its  high  volatility. 

The  Role  of  Titanium  Oxides  In  the  Electrothermal  Process 

Data  were  given  above  to  indicate  that  the  reduction  of  iron 
oxides  from  titanium  concentrates  is  accompanied  at  temperatures 
above  1000-1100°C  by  simultaneous  reduction  of  the  titanium  dio¬ 
xide  to  lower  oxides.  The  latter  determine  the  electrical  con¬ 
ductivity,  viscosity,  and  other  properties  of  the  titanium  slags. 
It  is  therefore  necessary  to  devote  special  consideration  to  the 
properties  of  titanium  oxides  and  to  the  lower  oxides  in  particu- 

e  (2)  appears  on  page  109. 
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There  are  now  more  than  ten  known  oxides  in  which  titanium 
occur.*,  in  its  di-,  tri-,  and  quadrivalent  states.  The  lack  of 
an  explicit  phase  diagram  that  has  adequate  experimental  support 
for  the  Ti~T102  system  [36]  makes  it  difficult  to  investigate  the 
products  of  metallurgical  titanium-concentrate  processing.  Only 
the  region  of  the  diagram  between  Ti  and  the  compound  Ti^O,  has 
been  studied  in  detail. 


According  to  [37],  the  Ti-Ti02  system  has  intermediate  stable 

states,  and,  in  particular,  a  series  of  compounds  with  the  general 

formula  Ti  0,  , . 

n  2n-i 


Figure  13.  Phase  dia¬ 
gram  of  CaO-TiO-TiO, 
system  [5*1  ].  “ 


It  was  established  in  [10,  page 
2?8]  in  a  study  of  an  artificially  pre¬ 
pared  slag  containing  21 t  CaO  and  79? 

Ti02  that  the  compound  Ca0*Ti02  (perov- 
sklte)  was  invariably  present  in  the 
slag  at  various  stages  of  reduction,  and 
that  the  excess  titanium  dioxide  was  re¬ 
duced  as  though  it  were  in  the  free  stage, 
compositions  found  here  are  given  below  as 
tlon  time  in  a  Kryptol  furnace  at  1M0°C. 


Figure  14.  Equilib¬ 
rium  gas  compositions 
in  reduction  of  pure 
titanium  dioxide  by 
hydrogen  at  1000- 
1100° C. 

The  titanium  oxide 
functions  of  reduc- 
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Figure  13  reproduces  the  triangulation  of  the  ternary  CaO- 
TiO-TiOg  system  [4l]. 

Reference  [38]  studied  phase  relationships  in  the  TiOg-Ti^  ^ 
system,  i.e.,  in  the  region  in  which  Andersson  [37]  used  x-ray 
diffraction  analysis  to  establish  the  existence  of  a  homologous 
series  of  oxides  with  the  general  formula  T.t  n°2n-l ’  where  n  *  4, 

5. ..10  (Ti01>75,  TiO1>80,  Ti01>833,  Ti01>85g,  Ti01>873,  T10-88g, 

«°1.90>- 

Highly  purified  titanium  dioxide  was  used  to  investigate  the 
equilibrium  of  titanium  oxides  with  Hg/HgO  mixtures.  The  tests 
were  made  at  a  temperature  of  about  1000°C,  since  no  equilibrium 
states  were  reached  below  that  temperature.  It  was  established 
that  hydrogen  reduction  proceeds  only  as  far  as  the  oxide  of  the 
approximate  composition  TiO^  ^  at  1000-1100°C.  Equilibrium  was 
established  after  3-4  hours  at  1030°C,  and  much  later  in  oxida¬ 
tion. 

The  results  of  these  experiments  appear  In  Fig.  14,  from 
which  we  see  that  six  phases  of  variable  composition  exist  at  high 
temperature  in  the  TiOi.75_i.90  interval:  87-1.90 * 

T10l. 86-1.87*  T101.83-1.8tS’  ^l.Bl-l.SS*  Ti0l. 77-1.81* 

T10l. 75-1.77* 

Titanium  Dioxide  T102 

Pure  titanium  dioxide  is  white  in  color  and  has  a  density  in 
the  ”:oge  from  3.9  to  4.25.  It  is  one  of  the  most  stable  oxides 
o:  j;»*ed  in  nature  in  the  pure  form.  The  density  of  Ti02  in- 

o-  with  calcining  temperature.  It  is  3.89-3*95  at  600°C, 

'■  .  •.  at  800°C,  an*  *i . 25  at  1000-1200°C.  The  melting  point  of 
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Figure  15.  Phase  diagram  of  Fe0-T102  sys¬ 
tem. 

Although  titanium  dioxide  Is  a  dielectric,  even  In  a 
weak  reducing  environment  it  loses  some  of  its  oxygen  and  ac¬ 
quires  electronic  conductivity. 

Figures  15-21  present  fuseability  curves  of  the  most  impor¬ 
tant  systems  containing  Ti02  that  are  encountered  during  smelting. 
However,  it  must  be  remembered  that  practical  high-temperature 
work  is  done  not  with  pure  titanium  dioxide,  but  with  a  mixture 
of  T102  with  the  lower  oxides ,  in  which  the  titanium  is  in  the 
tri-  and  divalent  states. 

Titanium  Monoxide  TIP 

Titanium  monoxide  is  stable  in  the  infcerval 

[24,  page  64]  and  crystallises  in  a  cubic  lattice  of  the  HaCl 

2 

type.  Its  density  varies  in  the  range  from  4.88  to  6.00  g/cra  . 

Its  melting  point  is  2020°C. 

Several  methods  are  known  for  the  acquisition  of  titanium 
monoxide:  reduction  of  titanium  dioxide  by  carbon  in  a  vacuum. 
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reduction  of  titanium  dioxide  in  a  vacuum  by  reducing  metals  (Mg, 
Zn,  TiC,  Ti),  etc. 

Reduction  of  titanium  dioxide  with  wood  charcoal  at  atmos¬ 
pheric  pressure  and  temperatures  in  the  range  from  1100  to  1500°C 
results  in  a  solution  of  the  monoxide  and  titanium  carbide  with 
33  to  60<  TiC  [39].  In  [24,  page  64],  titanium  monoxide  was  pre¬ 
pared  by  the  reaction 

TiO,  +  Ti  =  2T10.  (9) 


In  this  case,  a  mixture  of 
Ti02  with  titanium  in  briquette 
form  was  held  for  2  hours  at  1550° C 
in  a  vacuum  induction  furnace. 

The  coarse-grained  product  had 
a  yellowish-gold  color.  Micro- 
structural  analysis  detected  only 
a  single  phase  —  TiO  —  in  the 
form  of  large  crystals.  When  it 
was  oxidized  to  constant  mass  at 
1000° C,  the  weight  gain  was  about 
24* ,  or  near  the  theoretical  gain 
for  oxidation  to  TiOj. 


Figure  16.  Phase  diagram 
of  TiOj-MgO  system. 
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Figure  17.  Phase  diagram 
of  CaO-TiOg  system. 


Figure  18.  Phase  diagram 
of  Si02-Ti02  system. 
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Other  methods  of  preparing  titanium  monoxide  do  not  yield 
the  pure  product. 

A  characteristic  property  of  titanium  monoxide  is  its  ability 
at  high  temperatures  to  form  a  continuous  series  of  solid  solu¬ 
tions  of  the  Ti(0,  C)  type  [40],  which  may  also  include  TiN  [ill]. 
"IN  is  most  stable  up  to  1600°C.  At  higher  temperatures,  the 
titanium  carbide  content  increases,  and  at  1900°C,  titanium 
monoxide  has  been  fully  converted  to  titanium  carbide. 

It  is  reported  in  [1)2]  that  the  Ti(0,  C)  solid  solution  is 
detected  not  in  the  final  slags,  when  the  metal  and  slag  have  been 
separated,  but  in  individual  nonequilibrium  zones  of  the  primary 
slag  melt  that  have  been  saturated  with  beads  of  metal  and  un¬ 
reacted  coke. 
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Figure  1°.  Phase  diagram  Figure  20.  Phase  diagram 

of  Ca0-Ti02-Si02  system.  of  Al203~Ti02  system. 

It  was  established  in  [42]  that  compounds  with  oxygan  con¬ 
tents  lower  than  that  of  TiQ  (TigO  and  do  not  occur  in 

these  slags.  It  is  reported  that  the  compound  Ti302  is  highly 
volatile  in  a  vacuum  at  1100°C. 

According  to  [43],  titanium  dioxide  is  reduced  to  the  mon¬ 
oxide  and  carbide  according  to  the  scheme 

TiO,-»TIA-*TiA-+TiO-*11C  (10) 

In  the  last  stage,  the  titanium  monoxide  forms  a  solid  solution 
with  titanium  carbide  and,  according  to  [40],  the  chemical 
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Figure  21.  Phase  diagram  of  Ca0-Si02-Ti0_ 
system.  '  * 

composition  of  this  solutinn  can  be  stated  as  ?i(0,  C).  A.V. 
Rudnevi.  [42]  also  notes  that  a  continuous  series  of  solid  solu¬ 
tions  of  this  type  forms  at  the  last  stage  of  reduction. 

Titanium  monoxide  reacts  vigorously  with  irmenite,  but  this 
interaction  does  not  go  to  completion  and  diminishes  with  ri.-'rg 
temperatures  (Fig.  22). 

Titanium  Sesquioxlde  Tig0 3 

Titanium  sesquloxide  is  stable  in  the  range  from  TiC^  ^  to 
TiOj  It  crj'stallizes  in  a  lattice  of  the  a-corund*"n  type. 

Several  methods  of  preparing  TijO^  are  known  [24,  page  64]: 

reduction  cf  titanium  dioxide  by  carbon  at  1400°C  with  20 
hours*  holding; 

hydrogen  reduction  of  titanium  dioxide  at  1000-1200°C  with 
3  hours  of  holding,  or  hydrogen  reduction  with  passage  of  titan¬ 
ium  tetrachloride  over  the  dioxide  at  650*C; 

reduction  of  titanium  dioxide  by  calcium  and  magnesium  at 
1200°C: 
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Figure  22.  Degree  of  decomp¬ 
osition  of  titanium  monoxide 
by  ilmenite.  1)  1300° C;  2) 
1400°C;  3)  1500°C;  4}  1600°C; 
5)  1700°C. 


_ _ , _ , _  reduction  of  titanium  dioxide 

0  .  I  by  magnesium  in  a  hydrogen  ctmos- 

ho<#  phere  at  750-800°C; 

44  tJ  I  ff/\  \ 

«  5*  — - reduction  of  titanium  dioxide 

?>jf  VJk.  I  by  titanium  carbide  in  sn  inert 

4}  "  Nl  atmosphere  at  1000-1200°  C; 

*iTTuTlT~krTi~ti  by  heatlr>g  mixtures  of  MgO  + 

Fe0-Ti02:Ti0  ratio  +  xiC,  ZnO  +  TiC,  and  CaO  +  TiC  at 

1000-1200° C  in  an  inert  atmosphere; 

osition^of  tit ani um^monoxide  reduction  of  titanium  dioxide 

by  ilmenite.  1)  1300°C;  2)  by  metallic  titanium  in  a  vacuum. 
140O°C;  3)  1500°C;  4}  1600°C; 

5)  1700°C.  This  last  method  was  used  in 

[24,  page  64],  in  which  briquettes 
were  heated  to  l400-1550°C.  It  was  found  that  heating  to  1550CC 
is  Inadequate  for  complete  reduction  of  TigO^.  At  temperatures 
above  1550°C,  a  single  phase  is  obtained  in  the  product:  crystals 
ranging  from  pink  to  orange  in  color.  The  oxidation  weight  gain 
was  10.8*,  which  is  close  to  theory  for  the  oxidation  of  Ti20^  to 
Tl02.  The  product  contained  an  oxygen  excess.  To  obtain  a  purer 
product,  the  charge  was  prepared  with  a  deficiency  (~7*)  of  Ti02 
in  [10,  psge  42]. 

Ti20^  exhibits  basic  properties.  At  high  temperatures,  it 
dissolves  ilmenite,  forming  the  minerals  tagirovite  and  anosovite 
[10,  pages  42,  28,  29].  Titanium  sesquioxlde  was  detected  by  T.S. 
Belyakin  and  V.V.  Lapin  [44,  45]  in  slags  containing  25.79-1*. 30* 
?iC>2,  which  had  been  obtained  in  smelting  of  high-titaniaa  pig 
iron. 

Titanium  3esquloxide  exerts  a  strong  influence  on  the  proper¬ 
ties  of  titanium  slags.  When  the  ferrous  oxide  content  is  small 
and  the  TigOjjTiOj  ratio  dees  not  exceed  :  .75,  it  lowers  the  melt¬ 
ing  point  of  the  slag.  When  the  ferrous  oxide  content  does  not 
exceed  5*,  stable  rich  titanium  slags  are  obtained  in  the  TijO^ 
concentration  range  from  0  to  45*  at  titanium  dioxide  contents 
from  4?  to  82*  [46].  Slags  with  Ti203:Ti02  ratios  of  0.6-0. 8  have 
the  lowest  viscosities  at  ferrous  oxide  contents  below  10*. 
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The  Oxide  Ti.,0.. 

_  3  5 

The  oxide  Ti,0„  has  a  rhombic  structure.  Tt  has  been  re~ 

3  b 

ported  stable  in  the  concentration  range  from  TIO^  j  to  TiO^  g. 

In  [24,  page  6*)],  TigOj.  was  obtained  by  reducing  TIO.,  with  carbon 
and  metallic  titanium  at  1200~l600°C  with  a  holding  time  of  4-8 
hours,  and  by  the  reaction  between  the  oxide  TiO  +  2Ti0g  and 
TijO^  +  TiO^  at  1420°C.  Another  modification  with  a  higher  oxy¬ 
gen  content  than  Ti^O^  was  obtained  by  reacting  titanium  dioxide 
with  carbon  and  titanium. 

The  oxide  Ti,Oc  is  the  base  of  a  mineral  detected  in  titan- 
3  b 

i am  slags — anosovite.  F.V.  Syromyatnikov  originally  gave  the 
name  "calcined  rutile1'  to  anosovite  [47].  E.V.  Britske  et  al. 
referred  to  it  as  "reduced  rutile"  or  the  "black  mineral"  C 33 1 - 
K.Kh.  Tagirov  later  named  it  anosovite  in  honor  of  the  noted 
Russian  metallurgist  P.P.  Ana&ov  [48,  49 j.  It  was  established 
by  x-ray  analysis  in  [50]  that  anosovite  has  a  rhombic  structure 
and  a  formula  of  the  Me -0,.  type. 

In  1951,  D.  Belyankin  and  V.V.  Lapin  [49]  isolated  ancso- 
vlte  from  a  titanium  slag  containing  30  to  64J  of  Ti02  and  de¬ 
termined  its  chemical  composition.  The  authors  reported  composi¬ 
tion  inconstancy  of  anosovite  resulting  from  solid-solution  forma¬ 
tion.  According  to  [52],  anosovite  may  be  given  the  formula 
Ti20--Ti02  or  Ti0-2T102,  because  of  the  possibility  of  mutual 
solution  of  compounds  of  the  Me0*27i02  and  MegO^'TlOg  types. 

Thus ,  anosovite  is  d  solid  solution  based  on  the  hi^n— tem¬ 
perature  modification  of  the  oxide  Ti^O^.  According  to  [42,  52j, 
the  composition  of  anosovite  can  be  described  by  the  formula 

m  l(Ti.  Mg,  F«).0  •  2TK),!  •  n  l(TI.  Fe.  AI)A  •  T<0,J. 

In  addition  to  the  high-temperature  modification,  Tl^  als0 
has  a  low-temperature  modification,  which  crystallizes  in  the  form 
of  short  prismatic  crystals. 

The  Oxide  TicO^ 

An  oxide  of  this  composition  was  investigated  in  [4,  page  21]. 
The  concentration  range  in  which  this  dark  blue  phase  exists  was 
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(,  page  21]. 
kists  was 


established:  T10^  g2-T10^  70*  *“>ad  ousl y  teen 

given  the  formula’  3*ri 20 3-i»Ti02  [53];  it  was 

ascribed  the  formula  TigO.^.  Accordlf1^  And<^^s 0**  [37],  there 

are  two  oxides  in  this  interval:  Ti^O^  If  we  take  the 

percentage  reduction  of  titanium  diox>^  t'o  Tf  ^0^  a®  100,  the  com¬ 
position  of  the  oxide  TigOg  is  obtain^  60- -fO*  {-eduction  of 
TiOj . 

According  to  [i)2],  the  compound  is  from  systems 

containing  ions  that  substitute  Ti2+  £as*s  the  case  in 

real  slags). 

Opaque  Rutile 

Opaque  rutile  is  a  solution  of  ^.n  that  is  formed 

in  the  initial  phase  of  titanium  dicx^'H  f^dde-t^On  C51)]-  Unlike 
rutile,  crystals  of  this  solution  are  cb'PUaiA^.  *The  concen¬ 
tration  range  in  which  opaque  rutile  f*roin  TiO^  to 

Ti02.  At  TiC^  ^0,  the  TijOj  content  ^  soJ-Uttpn  is  20*. 

A  nonor.ineral  aggregate  of  opaqu^  fptind  5-n  slags  of 

the  Ti02-Ti20^  system  containing  80  t£?  96?  W> ^  *  fn  slags  of  more 
complex  tltaniun-oxide-content  compost op^-dUe  futile  is  in¬ 
variably  accompanied  by  anosovite  cry^^jS^.  whi-1®  the  confound 
71^0,1  is  not  formed  at  all.  In  the  slag  system, 

even  at  small  Ti2°3  contents»  tw0  ot?2^yed:  opaque 

rutile  and  anosovite.  No  solid  soluti'Sf  t^a3e<^  Oi,  the  Ti02  struc¬ 
ture  have  been  observed  in  slags  prodi>Sj  ^ndexT  iri^strial  condi¬ 
tions  in  the  presence  of  Fe2+,  Mg2+,  and  ions.  This 

also  applies  to  the  homogeneous  series?  of  Structurally  Interre¬ 
lated  compounds  with  the  general  formv?^ 

Nevertheless,  the  opaque-rutile  ^^etrure  is  Ofc>vioia3ly  indi¬ 
vidualised  in  the  smelting  cf  slags  t^*V,  t^ave  v*t>/  higt*  titanium 
dioxide  contents. 
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Chapter  8 

> 

|  PRODUCTION  TECHNOLOGY  OF  TITANIUM  SLAGS 

!  Basic  Requirements  Made  of  Titanium  STags 

The  quality  of  a  titanium  slag  is  determined  by  its  titanium 
dioxide  content  and  impurity  composition.  Slags  used  ir.  the  pro- 

$ 

duction  of  titanium  tetrachloride  must  have  titanium  dioxide  con- 
|  tents  approaching  that  of  rutile,  i.e.,  they  must  contain  more 

f  than  80f  TiO?.  They  must  also  con  ain  minimal  amounts  of  alumi¬ 

num  oxide  (no  more  than  1 . 53S )  and  ferrous  oxide  (no  more  than  3?). 
This  is  because  a  major  part  of  the  aluminum  chlorides  and  ferris 
chloride  condenses  together  with  the  titanium  tetrachloride  during 
chlorination  of  the  vapor-gas  mixture,  forming  a  suspension  that 
does  not  readily  settle.  The  slag  may  not  contain  large  amounts 
of  manganese,  chromium,  or  magnesium  oxides,  silicon  dioxide,  etc. 
The  smaller  the  amount  of  impurities  in  the  slag,  the  higher  the 
economy  of  the  process.  Inpurity-free  slags  make  it  possible  to 
increase  equipment  productivity  and  titanium  extraction  yield  at 
the  chlorination  and  purification  stages  and  to  obtain  high- 
quality  sponge  titanium  from  the  more  thoroughly  purified  titan¬ 
ium  tetrachloride. 

\  A  slag  used  in  the  production  of  pigment  titanium  dioxide  by 

•  the  sulfuric  acid  method  may  contain  no  more  than  0*3%  chromic 

oxide,  but  ferrous  oxide  contents  up  to  9— 123f  are  permissible. 
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There  are  two  known  methods  of  smelting  titanium  concentrates 
for  titanium-rich  slags:  intermittent  and  continuous.  As  the  name 
implies,  the  intermittent  method  is  characterized  by  charging  of 
the  furnace  with  enough  slag  to  fill  the  entire  furnace  space. 
After  reduction  of  the  ferrous  oxide  to  the  content  specified  for 
the  slag,  the  smelting  products  are  discharged  from  the  furnace. 
The  cycle  is  then  repeated. 

In  the  continuous  method  of  slag  smelting,  fresh  charge  is 
injected  continuously  or  at  frequent  intervals.  The  slag  and 
pig  iron  are  removed  from  the  furnace  periodically  as  they  ac¬ 
cumulate. 

The  intermittent  process  is  characterized  by  the  following 
features : 

1)  the  possibility  of  refining  the  slag  to  a  low  ferrous 
oxide  content; 

2)  the  possibility  of  quick  fusion  of  the  charge  to  produce 
a  slag  containing  10-20J  ferrous  oxide,  which  is  subsequently 
reduced  from  the  molten  slag.  The  slag  produced  during  the 
melting  phase  has  a  low  melting  point  and  the  transition  to  the 
high-temperature-melt  phase  occurs  only  as  the  slag  is  refined; 
this  helps  reduce  heat  losses  and  improve  furnace  productivity; 

3)  the  possibility  of  producing  slags  with  high  titanium 
contenvs ,  ranging  up  to  90-92%  converted  to  the  dioxide. 

The  characteristics  of  the  continuous  method  differ: 

a’  owing  to  the  absence  of  the  slag-refining  phase,  the  fur¬ 
nace  temperature  must  be  constant  and  quite  high;  under  these  con¬ 
ditions,  slag  fusibility  is  ensured  either  by  retaining  a  high 
ferrous  oxide  content  in  the  slag  or  by  injecting  a  flux,  such  as 
limestone,  into  the  charge; 

b)  a  reducing  agent  i3  injected  into  the  charge  immediately 
in  the  amount  that  ensures  acquisition  of  a  slag  of  the  desired 
composition.  This  eliminates  the  possibility  of  rapid  charge 
fusion,  and  much  of  the  reduction  process  takes  place  in  the  solid 
phase. 
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There  are  several  varieties  of  the  continuous  and  intermit-  olectrod 
tent  smelting  methods,  including:  smelting  with  an!  without  flux-  tilatior 
ing  additives,  smelting  of  briquetted,  untriquetted,  and  mixed  Ste 
charges,  agglomerated-charge  smelting,  and  the  so-called  two-stage  with  ste 
smelting  process-  nace. 

The  Thermal  Ore  Furnace  arid  Preparations  for  Smelting  cool  the 


In  principle,  titanium  concentrates  can  be  smelted  in  thermal 
ore  furnaces  of  any  construction.  The  furnaces  may  be  stationary 
or  rotary,  with  closed  or  open  tops.  Stationary  f urnaces  are 
usually  built  for  high  productivity,  while  the  rotary  furnaces  are 
made  in  comparatively  small  sizes .  Closed-top  furnaces  are  pre¬ 
ferred,  since  they  make  it  possible  to  utilize  the  flue  gas  that 
forms  and  improve  working  conditions. 


0SS*» 


Plgure  23.  Diagram  of  shaft  brickwork 
of  thermal  ore  furnace.  1)  asbestos 
sheet;  2)  magnezite  grit;  3)  Mgl-3  mag¬ 
nesite;  *)  graphite  block;  5>  fireclay; 

6)  MG1  magnezite. 

The  design  elements  of  a  thermal  ore  furnace  for  smelting 
titanium-rich  slags  are  practically  the  same  as  those  of  similar 
furnace  designs  used  to  smelt  out  ferroalloys.  It  will  therefore 
be  convenient  to  limit  the  description  to  the  design  and  operating 
mode  of  the  Soviet  5000-kVA  stationary  open-top  furnace  [10,  page 
1053.  This  furnace  consists  of  a  foundation,  a  shell,  a  bottom, 
machinery  for  loading  the  charge  and  tapping  the  pig  iron  and  slag 
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electrode  devices,  secondary-circuit  wires,  and  cooling  and  ven¬ 
tilation  systems. 

Steel  I-beams  are  laid  on  the  furnace  foundation ,  and  covered 
with  steel  slabs,  which  support  the  bottom  and  shell  of  the  fur¬ 
nace.  Air  circulates  freely  between  the  steel  beams,  helping  to 
cool  the  bottom. 

The  cylindrical  steel  3hell  of  the  furnace,  which  is  5*5  m 
in  diameter.  Is  made  from  two  welded-up  halves.  The  shell  is 
lined  with  magnezite  brick  on  the  inside.  Special  attention  is 
given  to  high-quality  lining  work  on  the  furnace  in  the  zone  in 
which  the  pig  iron  accumulates  (a  diagram  of  the  furnace  brickwork 
appears  in  Fig.  23).  The  pig-iron  pool  ranges  up  to  1  m  deep. 

It  is  strongly  overheated  owing  to  the  large  difference  between 
the  slag  and  pig-iron  melting  points. 

The  brickwork  is  particularly  liable  to  damage  at  the  inter¬ 
face  between  the  pig  iron  and  the  slag.  It  must  therefore  be  of 
very  high  quality.  To  prevent  damage  to  the  brickwork  in  this 
zone,  molten  charge  Is  allowed  to  harden  into  a  lining  on  its  sur¬ 
face. 

In  contrast  to  the  furnaces  used  to  smelt  ferroalloys,  carbon 
blocks  are  not  used  to  line  the  furnace  walls  and  bottom.  This  is 
„  because  smelting  of  titanium  slags  forms  a  pig  iron  with  a  low 
carbon  content  that  dissolves  carbon  readily  and  quickly  erodes 
carbon  liners  [553.  The  chemical  activity  of  the  pig  iron  is  also 
determined  by  the  presence  of  a  certain  amount  of  titanium  in  it, 
apparently  in  the  form  of  the  carbide,  which  reacts  with  lxning 
oxides  and  reduces  them  [563*  In  practice,  therefore,  an  effort 
is  made  to  prevent  contact  between  the  overheated  pig  iron  and  the 
furnace  lining,  especially  at  the  interface.  A  deep  pool  of  pig 
iron  is  maintained  to  protect  the  bottom;  here  it  is  necessary 
that  a  layer  of  metal  freeze  at  the  bottom  of  the  pool. 

The  furnace  shaft  is  ^  m  in  diameter  and  1.6  m  high.  The 
walls  are  staggered  upward  as  indicated  in  Pig.  23.  The  tap  hole 
is  310  mm  above  the  lowest  point  of  the  bottom,  which  takes  the 
form  of  an  inverted  vault  with  a  sagitta  of  195  mm.  The  furnace 


walls ,  which  are  about  700  mm  thick,  rest  on  a  bottom  1.4  m  high. 
The  space  between  the  furnace  walls  and  shell  (70-100  mm)  is 
filled  with  magnesite  grit,  which  take3  up  the  thermal  forces  that 
arise  as  the  brickwork  expands.  The  furnace  tap  hole  is  provided 
with  a  shunt  unit  for  electrical  heating  out. 

The  charging  unit  is  mounted  above  the  top  of  the  furnace  and 
consists  of  three  hoppers  with  Jaw-type  gates  through  which  the 
charge  material  is  fed  into  the  furnace  via  rotary  chutes  that 
make  it  possible  to  aim  the  charge  at  the  desired  spot  in  the 
furnace.  The  gases  escape  through  an  exhaust  hood. 

A  newly  lined  furnace  can  be  used  for  slag  smelting  only 
after  thorough  drying,  baking  out,  and  slag-liner  buildup. 

The  brickwork  is  dried  for  4-5  days  by  a  wood  fire  or  resis¬ 
tance  furnace  on  the  furnace  bottom.  During  this  process,  the 
furnace  shaft  is  closed  at  the  top  to  retain  the  heat. 

When  drying  Ls  complete,  the  brickwork  is  baked  out  with 
current  supplied  through  graphltized  electrodes.  To  protect  the 
furnace  bottom  from  arcing,  a  stack  of  magnezite  brick3  is  placed 
under  each  electrode-.  Coke  is  loaded  into  the  furilt,co  to  form  a 
layer  at  least  0.5  ra  deep.  Current  is  then  switched  to  the  elec¬ 
trodes  and  the  load  is  progressively  increased  in  accordance  with 
a  special  diagram.  The  current  is  switched  off  at  intervals  to 
allow  equalization  of  temperature  through  the  entire  brickwork. 

The  burned-out  coke  is  replenished  at  intervals  to  keep  the  bed 
depth  constant.  After  the  refractory  brick  has  been  baked  out, 
the  next  step  is  building  up  a  liner  on  the  furnace  walls.  A  6-S- 
ton  charge  is  loaded  into  the  furnace  for  this  purpose.  The 
charge  is  a  conical  heap  that  covers  the  bottom  of  the  furnace  tc 
a  distance  of  about  0,5  m  from  the  walls.  The  electrodes  are 
lowered  and  the  charge  begins  to  melt.  When  a  slag  melt  has  form¬ 
ed  in  the  zone  between  the  electrodes,  100-150  kg  of  anthracite 
are  loaded  into  it,  with  the  result  that  the  melt  boils  up,  fills 
the  remaining  space  between  the  cone  and  furnace  walls,  and 
freezes  in  this  space  to  form  the  liner.  This  liner  is  more  re¬ 
fractory  than  the  slag,  since  it  is  formed  with  an  excess  of 
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carbon  in  the  charge  and  therefore  does  not  melt  through  under- 
normal  smelting  temperature  conditions. 

The  unsolidified  melt  is  released  from  the  furnace  and  an¬ 
other  charge  is  loaded  to  repeat  the  lining-buildup  operation  un¬ 
til  the  lining  has  reached  the  top  of  the  furnace  walls .  When  the 
lining  is  built  up  in  this  way,  about  40  tons  cf  charge  and  up  to 
50  thousand  kWh  of  electric  power  are  used  for  a  shaft  4  meters 
in  diameter. 

If  the  condition  of  the  liner  is  watched  carefully  and  its 
thickness  is  maintained,  the  furnace  can  be  used  for  more  than 
2000  melts  before  relining. 

Type  ETTsPT  ?500/6m  transformers  with  five  voltage  stages: 
133*5.  113,  106,  96.5,  and  89  V  are  used  to  supply  electric  cur¬ 
rent  to  the  furnace.  The  transformer  windings  are  delta-connected 
and  provided  with  forced  oil  cooling.  The  amperage  to  the  fur¬ 
nace  is  held  constant,  and  the  voltage  stages  are  maintained  by 
means  of  relay-contactor  automatic  controllers.  The  voltage 
stages  are  selected  with  the  furnace  off. 

The  furnace  uses  graphitized  electrodes  500-610  mm  In  diam¬ 
eter,  which  are  held  in  four-jaw  ring-type  electrode  holders  sus¬ 
pended  rrom  traverses  that  are  raised  and  lowered  by  electric 

2  —1 

winches.  The  electrodes  have  a  resistivity  of  8-14  ft*mm  -m  and 
an  apparent  density  of  1.6-1. 8  g/cm^.  The  permissible  current  den¬ 
sity  is  12-30  A/cm2. 

Self-annealing  electrode"  have  come  into  extensive  use  In 
thermal  ore  furnaces.  They  are  the  only  ones  possible  in  high^ 
power  furnaces,  which  require  electrodes  900-1100  nun  in  diameter. 

In  the  furnace  design  being  described  here,  the  graphitized 
electrode  consists  of  several  parts,  between  which  electrical  con¬ 
tact  is  established  by  screwing  one  part  of  the  electrode  into 
another.  Hence  the  end  surfaces  of  the  electrodes  must  be  fitted 
very  carefully.  The  tightness  of  the  contact  Joint  is  checked 
with  a  feeler  gauge  —  a  steel  plate  0.25  mm  thick.  In  changing 
electrodes,  the  electrodes  may  not  be  clamped  at  the  point  of  the 
graft. 
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Suspension-type  electrode  holders  are  generally  used  for 
thermal  ore  furnaces.  However,  cantilevered  electrode  holders 
are  also  encountered.  The  most  critical  part  of  an  electrode 
holder  is  the  electrode  clamp,  which  must  ensure  good  electrical 
contact  between  the  electrode  and  the  current-conducting  jaws  and 
hold  the  electrode  firmly.  It  must  have  good  magnetic  insula¬ 
tion  to  reduce  electrical  losses  and  heating  of  the  ring  by  induc¬ 
tion  currents,  and  must  be  reliably  insulated  from  the  contact 
Jaws . 


As  a  result  of  periodic  electrode  changes,  the  contact  Joint 
is  continuously  being  broken,  and  this  complicates  operation  of 
the  furnace  and  makes  this  unit  extremely  vulnerable.  The  Jaw3 
are  at  all  times  exposed  to  hot  gases  and  dust,  and  this  shortens 
their  useful  lives.  The  best  materials  for  casting  contact  Jaws 
are  copper  alloys,  which  offer  minimum  electrical  resistance  and 
high  thermal  conductivity.  Steel  jaws  also  perform  satisfactorily 
in  contact  with  graph! tized  electrodes. 


The  pressure  at  the  contact,  an  increase  in  which  lowers  elec¬ 
trical  resistance,  is  of  great  Importance  for  reducing  resistance 
at  the  interface  between  the  Jaw3  and  electrodes.  To  improve  the 
service  conditions  of  the  contact  Jaws,  it  is  necessary  to  in¬ 
crease  the  contact-  area  and  improve  the  finish  on  the  contact 
planes. 

The  contact-jaw  hangers  bear  against  the  carrier  ring.  Cur¬ 
rent  i3  fed  to  the  encased  Jaws  through  water-cooled  copper  tubes. 
The  ring  and  jaws  are  encased  and  also  water-cooled. 


the  furnace  transformer  is  supplied  to  the  fur¬ 
nace  through  a  so-called  secondary  circuit,  which  usually  consists 
of  tlree  segments.  Current  is  delivered  direct  from  the  trans¬ 
former  through  a  bundle  of  copper  busbars,  then  through  a  flexible 
section  ("string**)  assembled  from  bundled  copper  cables,  and  from 
the  flexible  bundles  through  the  water-cooled  current-carrying 
copper  tubes  to  the  electrode-holder  Jaws.  Reference  [10,  page 
119]  reports  a  study  of  various  sets  of  electrical  conditions  used 
in  smelting  out  titanium  slags.  It  was  establisned  that  the  best 
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smelting  results  ire  obtained  in  operation  on  the  upper  voltage 
stage  (133-5  V).  It  was  concluded  that  this  voltage  is  not  the 
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more  completely,  and  this  is  accompanied  by  a  decrease  in  power 
consumption  for  smelting  the  slag  and  an  increase  in  furnace 

M  ^11  n  4-  4  .  .  4  a  a  » 

Flux  Smelting 

In  the  smelting  of  rich  titanium  slags  in  electric  smelting 
furnaces,  the  most  important  property  of  the  slag  is  its  elec¬ 
trical  conductivity.  The  high  melting  points  of  titanium  slags 
(up  to  and  above  1700°C)  and  their  tendency  to  freeze  quickly  com¬ 
plicate  the  smelting  process.  These  complications  are  aggravated 
by  the  high  conductivity  of  the  slags.  As  we  noted  above,  titan¬ 
ium  dioxide,  a  dielectric  under  mild  reducing  conditions,  acquires 
electroni,  conductivity,  apparently  as  a  result  of  the  appearance 
of  defects  in  the  rutile  lattice  owing  to  partial  oxygen  loss. 

Hie  lower  titanium  oxides  and  the  solid  solutions  that  they  form 
(anosovite  and  tagirovite)  have  conductivities  100  times  higher 
than  those  of  silicate  slags  [10,  page  3]»  According  to  [57],  a 

O  "I  O  IT  CnrtF  o(  4  nrr  1  C4  PoO  FTMfl  Koo  a  -J  ir4  fir  aT  11  (1 
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ft  A . cm  at  1?Q0°C,  and  130  H  •  cm  x  at  5 %  PeQ  and  95S?iG2. 

According  to  [4,  page  24],  slags  containing  up  to  40J(  titan¬ 
ium  dioxide  have  conductivities  close  to  those  of  sill Cate  s X • 
At  titanium  dioxide  contents  above  501,  the  conductivity  of  the 
slag  rises  sharply  in  both  the  solid  and  liquid  states.  A  slag 
containing  90S  Ti02,  3-75*  Si02,  2.25*  FeO,  2S  A1203>  2S  MgO  had 
a  conductivity  of  150  n-'L*cm-^. 

The  combination  of  high  conductivity  and  melting  point  forces 
us  to  seek  way3  to  step  up  the  slag-melting  process  by  adding 


melting  point  and  conductivity  of  the  slag.  Addition  of  up  to 
ij_5t  q »“■  calcium  oxide  gives  a  sharp  decrease  in  the  c endue l i yi t 
of  titanium-containing  slags. 

Study  of  the  TiOj-TigO^-CaO  system  with  contents  of  4$  SiO?, 
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point  of  a  slag  with  the  ratio  Ti^iTiOj  =  1.5:1  ranges  from  1550 
to  l600°C  [1$,  page  73]. 

Increasing  the  TigO^  content  at  any  calcium  oxide  content 
raises  the  melting  point  and  viscosity  of  this  system.  Neverthe¬ 
less,  addition  of  calcium  oxide  reduces  these  parameter;:,  substan¬ 
tially. 


TABLE  2  it 

Melting  Point  of  Slag  as  a  Function  of  its  Composition 
and  TijO^TiOg  Ratio 
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The  conductivities  of  slags  to  which  calcium  and  magnesium 
oxides  were  added  were  studied  in  [28,  page  95].  In  a  slag  of 
the  composition  3>  Feu,  3*  5iG?,  2i  AigO^,  and  2 %  KgC,  titanium 
dioxide  was  replaced  by  calcium  oxide  as  the  latter's  content  was 
raised  from  0  to  152.  The  conductivity  of  the  slag  at  l6oo°c  was 
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about  88  on  addition  of  4£  CaO  and  about.  50  with 

6*  CaO. 


Addition  of  magnesium  oxide  also  lowers  the  conductivity  of 
the  slag  (addition  of  4<  MgO  lowers  3lag  conductivity  at  l6oo°C 
to  67  1  •  cm-1 ) . 


Addition  of  limestone  as  a  flux  was  tested  on  industrial- 
furnace  melts  [16].  The  industrial-scale  tests  confirmed  the  re¬ 
sults  of  laboratory  research.  The  compositions  and  melting  points 
of  the  slags  melted  out  of  a  rutilized-ilmenite  concentrate  with  a 
flux  are  given  in  Table  24,  from  which  we  see  that  even  at  a  TigO^: 
TiOg  ratio  of  0.72,  a  slag  containing  5>3S  CaO  has  a  melting  point 
of  1560°C,  while  the  preceding  slag  (No.  6),  which  has  a  similar 
Ti^O^ JTiO^  ratio  and  a  2.4*  CaO  content,  melts  at  a  temperature 
50  degrees  higher. 


A  mixture  of  limestone  and  soda  was  tested  as  a  flux  in  [10, 
page  86],  Addition  of  2-3S  soda  promotes  more  complete  reduction 
of  the  titanium,  while  tne  addition  of  limestone  lowers  the  melt¬ 
ing  point  of  the  slag.  On  addition  of  a  dolomite  flux,  the  vis¬ 
cosity  and  melting  point  or  the  slag  rise  lioj. 


However,  our  appraisal  of  these  encouraging  results  obtained 
with  the  use  of  fluxes  must  be  critical  when  it  comes  to  the  pro¬ 
duction  of  rich  titanium  slags  for  use  in  the  production  of  titan¬ 
ium  tetrachloride.  Despite  the  difficulties  that  arise  in  the 
technology  of  smelting  without  fluxes,  it  is  apparently  preferable 
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form  of  higher  titanium  contents  in  the  slag-chlorinating  process. 


Smelting  without  Addition  of  Fluxes 

The  features  of  slag  smelting  without  fluxes  include  the  use 
of  admixtures  present  in  the  concentrate  as  diluents  and  control 
of  slag  melting  point  by  varying  its  ferrous  oxide  content.  Admix¬ 
tures  of  the  oxides  of  aluminum,  calcium,  magnesium,  silicon,  and 
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ties  in  titanium  concentrates,  are  fluxing  components.  This 
applies  in  particular  to  the  ferrous  oxide  content  in  the  slag. 
According  to  [10,  cage  ij,  slags  containing  more  snan  ."s»  v- 
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conductivities  equivalent  to  slags  containing  4<  CaO.  According  to 
[58],  a  3lag  containing  0.75)5  CaO,  8.2 6%  FeO,  and  85 •  7)C  TiOj  pours 
satisfactorily  from  the  furnace. 


The  variation  of  the  FeO  and 
Tio_  contents  in  a  slag  during 
fluxless  smelting  is  displayed 
in  Fig.  24  [10,  page  105],  from 
which  we  see  that  the  basic 
peculiarity  of  the  fluxless  proc¬ 
ess  is  the  need  to  maintain  a 
high  ferrous  oxide  content  in  the 
slag  through  about  70%  of  the 
smelting  time,  after  which  the 
slag  is  refined  with  addition  of 
a  solid  reducing  agent  directly 
into  the  melt.  In  this,  smelting 
method,  only  enough  reducing 
agent  to  produce  a  slag  with  a 
ferrous  oxide  content  higher  than 


IF 


2  1  *  $  4 

time  from  start  of  smelting,  h 


Figure  24.  Variation  of  ti¬ 
tanium  dioxide  and  ferrous 
oxide  contents  in  slag  dur¬ 
ing  smelting  process.  1  and 
2)  with  reduction  from  mol- 
tel  slag;  3  and  4)  with  ad¬ 
dition  of  all  reducing  agent 
to  the  charge. 


10%  is  added  to  the  charge  at  the 

outset.  But  when  the  entire  charge  in  the  furnace  has  melted, 
refinement  of  the  slag  is  initiated  by  adding  reducing  agent  to 
it.  The  reducer  is  added  slowly  to  prevent  the  slag  from  erupt¬ 
ing  from  the  furnace. 

Hie  conductivity  of  the  melt  during  refining  is  of  no  parti¬ 
cular  importance  in  the  range  in  which  it  can  vary,  since  the 
electrodes  are  automatically  retracted  from  the  melt  and  the  fur¬ 
nace  is  oDerated  onen— arc  during  this  period  — n  both  fluxed  ».*>. 
fluxless  smelting. 

According  to  [16].  a  slag  containing  18.??  FeO,  21. 1<  Ti02, 
and  60 %  has  a  conductivity  of  76  to  77  0  tSls  tsm" 

perature  range  from  1450  to  1700°0,  while  a  slag  containing  5% 

FeO  ana  vox  tiu2  nas  a  conductivity  that  rises  from  124  to  134 
J1-** cm”'*  in  the  same  temperature  interval.  Hence  it  ioIIows  that 
ui  fj,  increasing  conductivity,  1  *c. ,  aa  the  ferrouo  uaauc  vi  n*e 
slag  ie  depleted,  the  furnace  will  go  into  opcn-arc  operation  in 
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either  fluxed  or  fluxless  smelting. 

The  basic  difficulty  encountered  in  fluxless  smelting  is  de¬ 
termination  of  the  end  of  the  refining  process .  A  slag  containing 
up  to  50%  or  more  of  titanium  sesquioxide  can  easily  be  frozen  in 
the  furnace  if  the  ferrous  oxide  content  is  lowered  below  2-3%. 

The  melting  point  of  the  slag  then  rises  sharply,  and  the  furnace 
power  rating  is  incapable  of  raising  the  temperature  to  keep  ahead 
of  ferrous  oxide  reduction.  Titanium  lower  oxides  and  oxj carbide 
accumulate  in  the  slag,  and  it  solidifies  quickly.  Only  a  smelter 
of  long  experience  car.  detect  the  onset  of  slag  freezing.  A 
timely  injection  of  unreduced  concentrate  into  the  molten  slag 
then  returns  it  to  the  fluid  state. 

As  we  have  already  noted,  ilmenite  is  characteristically 
fusable  (1380-H)C0"C)  and  its  ferric  oxide  content  is  difficult 
to  reduce.  For  this  reason,  the  slag- fusing  process  generally 
runs  ahead  of  the  iron  reduction.  Even  when  enough  reducing  agent 
was  added  to  the  concentrate  and  carbon  briquettes  to  produce  a 
slag  with  3%  FeC,  a  slag  containing  lif-loS  FeO  was  obtained  during 
the  first  hour  of  smelting  [16]. 

This  property  of  ilmenite  is  utilized  in  fluxless  smelting. 
The  initial  charge  is  compounded  with  a  deficiency  of  carbon;  it 
melts  quickly  and  then  the  iron  is  reduced  in  the  liquid  slag  un¬ 
til  its  fluidity  limit  has  been  reached.  An  advantage  of  this 
smelting  method  is  that  the  Turnace  operates  at  low  temperature  on 
a  fusable  melt  for  at  least  2/3  of  the  smelting  time.  Therefore, 
as  has  been  3hown  by  specially  designed  experiments,  electric 
power  consumption  3.s  practically  the  same  for  smelting  with  and 
without  fluxes  [10,  page  105]. 

The  utility  of  fluxless  smelting  must  be  examined  for  each 
uvne  or  titanium  concentrate.  Generally,  all  concentrates  can  be 
melted  without  a  flux  in  the  intermittent  process.  Normal  slag 
discharging  is  ensured  by  leaving  enough  ferrous  oxide  in  it  to 

m3 xu v&iH  1  iUluA  ojr  • 

The  smelting  process  consists  of  a  group  of  operations  that 
must*  bo  Ccvrri od  out*  In  soQUoncoi  Before  chsrsin&i  it*  is  nocosssry 


to  clean  the  furnace  top,  removing  solidified  slag  spatter.  The 
charge  is  distributed  uniformly  around  the  furnace.  It  may  be 
piled  higher  under  individual  electrodes  only  when  it  is  necessary 
to  build  up  a  wall  or  tap-hole  liner.  The  space  between  the  elec¬ 
trodes  and  the  wall  must  be  filled  with  charge  to  pr.  ■jerve  the 
liner.  Usually,  a  mixture  of  unbriquetted  and  briquetted  charge 
is  smelted.  The  proportions  depend  on  concentrate  composition. 

For  example,  40-50*  of  powdered  charge  and  60-50*  of  briquettes 

US6d  In  smeltine  PUtlllXAd  r*nnr*pnf.rflf.o  •  i» 

w  - —  - —  -  — *v  v*  v  uvu  ;/orv  vi 

the  charge  may  represent  75-90*  for  arizonite  concentrate. 

The  charge  as  onquetteu  on  waffle-iron  briquetting  presses. 
Coal  pitch  or  sulfite-cellulose  liquor  is  introduced  into  the 
charge  as  a  binder,  in  amounts  ranging  from  3  to  6*  of  charge  mass. 
The  briquettes  withstand  loads  from  60  to  250  kg  in  crushing  tests. 

The  powder  charge  is  loaded  into  the  furnace  first  and  fol¬ 
lowed  by  the  briquettes.  An  effort  is  made  to  charge  the  furnace 
in  such  a  way  that  the* briquettes  will  not  fall  against  the  bottom 
of  the  furnace  wall.  They  melt  poorly  at  these  points  and  may 
collapse  at  the  end  of  smelting,  causing  the  melt  to  bubble 
vigorously  and  erupt  from  the  furnace. 

After  charging,  the  furnace  is  switched  into  the  first  trans¬ 
former  stage  (133-5  V).  Before  switching  on,  the  electrodes  are 
set  200-250  mm  above  the  level  of  the  iron  pool  to  prevent  them 
from  shorting  across  the  iron.  When  the  charge  has  melted  around 
the  electrodes  and  the  furnace  has  built  up  sufficient  power,  the 
automatic  system  is  switched  on  to  regulate  the  electrical  load 
of  the  furnace. 

In  the  initial  phase,  the  target  of  smelting  is  a  slag  con¬ 
taining  10  to  20*  ferrous  oxide.  During  this  phase,  the  molten 
slag  is  saturated  with  gases  liberated  as  a  result  of  the  reduc- 
tion  reactions .  At  this  point  the  conductivity  of*  the  meit  is 
low,  so  that  the  work  can  be  done  with  the  electrodes  immersed  in¬ 
to  the  slag.  After  the  entire  charge  has  melted,  the  first  smelt- 
phase  is  over*  Zt  talces  shout  50“70Jr  of*  the  tine*  Smelting 
then  continues  for  reduction  of  the  ferrous  oxide  from  the  molten 
slag. 
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t/*  t fee  iterates  typ,  seeortess  solidified  slag  spatter.  The 

ta*^  1*  distributed  rcSfcerCj  troesd  the  furnace.  It  Ray  be 
pile-3  higher  K>i-r  latilTiSs»l  tieitrcdts  esJy  when  It  is  ©ecessijy 
tc  sp  *  Kill  er  tap-toele  llaer.  **«  sps<  between  the  elec- 

tra^s  sea  the  mail  east  he  stlled  Kith  cs&r&r  to  pieserre  the 
3Js*r*  Really,  a  srtxtwrs  of  sabri^aetteed  ash  briquetted  cha^e 
is  saelted.  The  'Prspcrtiess  tepe£>i  «s  ewoesstrste  scapositico- 
*-r  a*!P**»  of  parceled  charge  s»5  6G-50£  of  fcriqsetbe;* 

asei  is  smelting  rstilised  cccwfretrtte-  The  hrl^aetted  part  of 
the  charge  "tag:  represcat  7 f«r  ariswsit*  ceacectrate. 

TS»  ctjarp-  is  briq^eTted  ca  je*ffl*-irsa  bri^etcies  presses - 
Cc»l  piteh-or  s^j fj te— QeSlal cse  21qpcag»  is  istt^i^ced  Set©  the 
cAicse  as  a  binder.  is  aaaecashs  rsa^Jsj  t  so  bt  of  <-*»»•;-»*•  sasss 

Ts*  brsqiett**  withstaerfi  least  frs®  -c  to  ?3»  kjc  ia  ereshirty  tests. 

Tt*  swKier  ctaffee  is  loaded  late  -ifce  fiances*  'first  erf  fei- 
tts*  brfqsettes.  ic  effert  is  aaefe  t>o  cJsarge  thi  famace 
in  safe  a  *sy  tSaS  t2*e  briquettes  *111  cot  f*5£  against  the  fcettocs. 
of  the  iterator  a«ai-  They  reit  poorly  at  these  points  assS  *ay 
collapse  *t  the  esd  <cf  saelticy.  ■a»<tg  the  i*»lt  to  idfcble 
«i©»iwssll  tad  erspt  ?>ca  eh*  Iters=*ee« 

After  Chz~i5is»>t£*  ftersjc®  Is  switched  Sato  the  first  trans¬ 
feree  .•  stays  ClJ}-5  T»-  before  s*lt«5tiay  cm,  the  electrodes  ere 
»et  .  SS-25C  os  aheryt  tirt  2«r*2.  c?  the  Iron  pool  to  pretest  then 
fhS5=  sfcwrttry  tarsus  taae  Ircsj-  Sfces  the  da*rfie  *5**  selied  arasstt 
tta*  elsetoostis  asth  tie  Demme  h*s  tsSlt  tp  sufficient  power.  the 
asstcnatic  syac**  is  switched  css  to  reflate  «e  electrical  Scat 
of  21*  ftewtas. 

2s  the  initial  phase,  tic  target  of  siKltis^  Is  a  slay  too 
talnlrg:  IS  to  2d  ferreas  odds.  Dariss  this  phase,  ite  seites 
slay  is  cetsrabed  with  ya*«r  liberate!  as  &  result  of  the  redsc- 
tisaa  reactidsss..  it  this  psirst  the  ccedscslTity  of  the  sell  is 
lc*rf  so  shit  tte-Kcrlk  cess  he  date  with  the  eiectrdes  iasersed  in¬ 
to  tint  slay,  after  the  entire  charge  has  salted.  *ne- first  sssclt- 
iar  phase  is  o«r.  It  tstes  sifesst  £5-?Sf  of  the  tlse.  Satiric* 
tt*s  cceticases  fc-r  rstorrtca  of  ya  ftrwss  ernide  fros  the  sol  tea 
slay. 
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Toward  the  end  of  the  first  phase,  the  content  of  lower  titan- 
iun*  oxides  in  tilt  s.iag  rises  ano,  ccuss^usntiy ,  50  does  1  ts  con™ 
ductivity,  so  that  the  electrodes  are  raised  and  the  furnace  goes 
over  to  open-arc  operation. 


During  the  second  smelting  phase,  a  reducing  agent,  usually 
anthracite,  is  injected  into  the  melt  to  continue  reduction  of 
the  slag.  The  reducer  is  added  in  40-60-kg  batches  to  avoid 
severe  bumping  of  the  slag  and  ejection  of  slag  from  the  furnace. 
The  next  batch  of  anthracite  is  added  after  the  bubbling  of  the 
5la£  iiaS  SUuSiutru*  At  Slog  lerruus  OXluer  uOntenta  uelOw  SS  «  the 
anthracite  is  added  in  small  doses,  since  the  frothing  of  the 
slag  is  especially  strong  during  this  period.  At  this  point, 
the  conductivity  of  the  slag  is  high,  and  the  furnace  is  in  prac¬ 
tically  continuous  open-arc  operation. 


In  addition  to  quick  slag  analyses ,  certain  characteristic 
signs  are  read  to  determine  the  completion  of  ferrous  oxide  reduc¬ 
tion  from  the  liquid  slag:  the  bath  does  not  stop  bumping  after 
addition  of  one  of  the  reducer  batches,  or  a  rabble  sample  of  the 
slag  carries  a  thin  yellow  film  after  quenching  in  water.  The 
slag  is  cooled  for  20-30  minutes  after  completion  of  reduction  in 
order  to  allow  the  beads  of  iron  that  have  remained  in  the  slag  to 
settle.  During  this  time,  charge  that  has  adhered  to  the  walls 
may  slide  in,  in  which  case  the  settling  time  is  lengthened  by  10- 
15  minutes.  The  smelting  products  are  tapped  together  through 
the  same  hole.  This  is  dictated  by  the  fact  that  titanium  slags 


.  .  1  J  J  J  - 1  .1.1.. 1  i-V.  - 
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PclSaSSu  together,  the  v sp  hole  is  hcstvd  by  the  iron,  and  the 
slag  runs  out  through  it  after  it  has  been  thoroughly  heat  and 


increased  in  cross  section. 


The  iron  and  slag  are  usually  discharged  into  cascaded  chill 
molds.  These  molds  are  lined  with  fireclay  brick;  the  first  one 
under  the  hole  is  primed  with  sand  and  the  subsequent  ones,  into 
which  the  slag  flows  by  gravity,  with  fine  slag.  The  molds  are 
wept:  hoc  at  all  times  so  chat  the  priming  materials  will  be 
thoroughly  dry  before  the  smelting  products  are  released. 


I 


t 


Before  opening,  the  tap  hole  is  cleaned  out  Kith  a  rabble  as 
far  as  the  hot  zone;  it  is  then  heated  with  electric  current 
passed  through  a  steel  shunt  rod  until  a  drop  of  iron  appears. 

At  this  point,  the  hole  is  quickly  burned  open  with  oxygen.  For 
cold  slags,  recourse  is  sometimes  taken  to  further  expansion  of 
the  discharge  hole  by  continuing  the  oxygen  during  discharge. 


When  boiling  slag  is  released,  it  may  froth  and  overflow 
the  molds.  Frothing  is  prevented  by  throwing  fine  moistened  slag 
into  the  molds.  When  routine  operations  have  been  established, 
a  quite  definite  amount  of  charge  that  has  been  established  by 
trial  and  error  is  usually  smelted  out  at  one  time.  Nevertheless, 
occasional  overcharging  of  the  furnace  may  occur  and  upset  the 
smelting  procedure;  this  is  explained  by  incomplete  melting-  . 
through  of  the  charge  in  the  preceding  melt  or  by  incomplete 
tapping  of  the  slag.  Such  over-charging  of  the  furnace  tends  to 
draw  out  the  reduction  and  fusion  processes,  the  furnace  operates 
open-arc  for  longer  times,  and  this  is  accompanied  by  cooling  of 
the  lower  zones  of  the  bath,  with  intensified  bumping  of  the  melt. 
To  arrest  this  process,  a  melt  of  reduced  weight  is  processed, 
with  1/3  of  the  usual  load  in  the  furnace. 

The  increase  in  bath  volume  that  results  from  washing  away 
of  the  liner  also  upsets  the  smelting  routine;  reduction  and  melt¬ 
ing  of  the  charge  are  protracted.  The  charge  that  fills  the  3pace 
previously  occupied  by  the  liner  is  last  to  melt  and  often  pro¬ 
duces  slides  at  the  end  of  smelting,  which  are  accompanied  by 
vigorous  bumping  of  the  slag.  Moreover,  softening  of  the  liner 
is  dangerous  for  the  refractory  brickwork,  with  which  the  molten 
slag  may  not  come  into  contact.  For  this  reason,  the  condition 
of  one  liner  must  be  watched  at  all  times . 


After  a  melt  ha3  been  discharged,  the  tap  hole  is  usually 
plugged  with  a  mixture  of  equal  parts  of  clay  and  anthracite. 
After  discharge,  the  pig-iron  mold  is  allowed  to  stand  for  40- 


60  min.  and  then  the  Iron  is  poured  into 
the  crust  that  has  formed;  this  slag  cru 
metal  box  for  dispatch  to  storage. 


3  and  Isolds  from  under 
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Production  and  Smelting  of  Agglomerate 

Smelting  of  unlumped  fine  charges  in  ore  furnaces  involves 
increased  power  consumption  and  is  less  productive  than  smelting 
of  lumped  charges.  It  is  practically  impossible  to  smelt  finely 
divided  concentrates  because  of  the  large  imounts  of  dust  that  are 
lost.  Agglomeration  is  one  method  used  to  lump  concentrate  before 
smelting. 

Reference  [28,  page  50]  describes  experiments  in  the  agglom¬ 
eration  of  a  mixture  of  perovsklte  and  titanomagnetite  concen¬ 
trates  in  25:75  proportions.  Preliminary  laboratory  experiments 
showed  that  the  moisture  content  in  the  charge  has  a  strong  in¬ 
fluence  on  the  quality  of  the  agglomerate  and  the  sintering  proc¬ 
ess.  The  optimum  moisture  content  was  5-6*.  The  lumping  process 
becomes  very  difficult  without  moistening.  The  initial  concen¬ 
trate  had  particle  sizes  from  0.1  to  0.5  mm. 


Industrial-scale  experiments  were  run  on  sintering  machines 

p 

with  a  75-m  sintering  area.  At  the  perovsklte  and  titanomag¬ 
netite  concentrate  proportions  indicated  above,  5-5. 5*  carbon, 
about  7*  moisture,  and  25-301  of  recycling  charge  were  added  to 


Coke  fines  with  an  ash  content  of  I5-Io*  was 


used  as  the  fuel. 


The  chemical  composition  of  the  resulting  agglomerate  was  as 
follows  (the  principal  components  are  listed):  14.19*  TiO,,;  4.6* 
Si02,  0.6*  A1203;  47.04*  Fe.,0,;  13.76*  FeO>  11.56*  CaO;  2^75* 

MgO;  2.13*  Pe.  The  screen  composition  of  the  agglomerate  was 
satisfactory  (the  yield  of  minus-five-mm  fines  was  42.5*). 


rn, .  _ _ i .... 1  i 3  _  li  r  A  A  i-i  r  a  1  i —  -»  
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nace  with  self-sintering  electrodes.  The  furnace  was  lined  with 
magnezite  brick  and  the  vault  with  Dinas  brick. 


The  result  was  a  slag  containing  an  average  of  77>3*  TiC>2 
and  3.27*  FeO. 


It  was  established  according  to  [19]  that  agglomeration  of 
titanium  concentrates  breaks  down  the  ilmenite  (the  degree  of 
ilmenlte  decomposition  ranges  up  to  70*)  and  forms  hematite. 
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perovskite,  <WQ5ovite,  and  other  minerals;  the  reducibility  of  the 
agglomerates  is  improved  over  that  of  the  ilmenite  concentrates. 


An  agglomerate  obtained  from  an  ilmenite  concentrate  consists 


of  priinsry  mineral 
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The  ilmenite. 


which  is  the  principal  phase  in  the  agglomerates,  differs  from  the 
original  ilmenite.  A  substantial  quantity  of  newly  formed  miner¬ 
als  is  found  in  the  agglomerate:  secondary  magnetite,  lamellar 
hematite,  and  hematite  in  the  form  of  rims  around  ilmenite  and 
magnetite  grains.  As  a  rule,  the  hematite  is  confined  to  pores. 
Elongated  prismatic  black  crystals  of  anosovite  are  also  present 
in  the  agglomerate.  Dendrites  of  perovskite,  isometric  spinel 
crystals,  and  crystals  of  fayalite  and  baikalite  (MgTigOjj)  are 
encountered.  The  principal  cementing  phases  in  agglomerates  ob¬ 
tained  under  industrial  conditions  are  tifcanaugite 
m[(CaO*MgO)2Si02]*nfCaO(Al,  Tl)203«SiO23  and  a  glass.  The  glass 
has  a  composition  similar  to  that  of  the  titanaugite, 


Agglomerate  obtained  from  rutilized  ilmenite  concentrate  at 
1300°C  with  a  coke  content  of  i».5*  is  gray  in  color  with  a  semi- 
metallic  luster  and  about  20*  porosity;  however,  its  strength  is 
low. 


The  general  relationships  that  unfold  during  agglomeration 
of  ilmenite  concentrates  can  be  reduced  to  the  following  state¬ 
ments:  under  subjection  to  high  temperatures,  the  ilmenite  decom¬ 
poses  owing  to  the  limited  solubility  of  FegO^  in  FeTiC^,  with  the 
result  that  the  hematite  in  the  ilmenite  is  precipitated.  The 
solubility  of  hematite  in  ilmenite  is  quite  high  at  high  tempera¬ 
tures  .  Addition  of  2 $  of  slaked  lime  to  the  charge  reaults  in 
more  active  decomposition  of  the  ilmenite  with  formation  of  anosc- 
vite,  perovskite,  titanaugite,  and  iron  and  glass  beads.  A  lime 
additive  tends  to  produce  a  stronger  agglomerate. 

Thus,  the  initial  processes  of  slag  formation  take  place  dur¬ 
ing  agglomeration. 

The  work  done  has  demonstrated  that  agglomeration  ii.  quite 
feasible  as  a  method  for  preparing  a  charge  of  ilmenite  concen¬ 
trate  for  smelting.  However,  agglomeration  is  not  used  under 
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industrial  conditions  at  the  present  time  owing  to  the  relatively 
small  scale  of  titanium-slag  production,  which  is  not  enough  to 
justify  the  installation  of  the  expensive  charge-agglomerating 
machinery. 

Continuous  and  Two-Stage  Smelting 

Organization  of  a  continuous  process  is  an  important  prerequi¬ 
site  to  intensification  of  titanium-slag  smelting.  However,  there 
is  as  yet  no  industrial  method  for  the  production  of  titanium 
slag  with  a  low  ferrous  oxide  content  in  a  continuous-flow  process. 

As  we  have  noted,  titanium  slags  containing  less  than  8-10? 
ferrous  oxide  are  very  high-melting  and  can  freeze  quickly,  thus 
making  it  difficult  to  release  the  pig  iron  and  slag  separately 
from  the  furnace. 

To  form  a  conception  of  the  continuous  process,  it  is  neces¬ 
sary  to  examine  the  smelting  process  designed  at  an  elestre'-et.sl- 
iurgical  plant  constructed  in  1950  and  belonging  to  the  Canadian 
firm  Quebec  Iron  and  Titanium  Corporation  (Sorel).  This  plant  has 
5  furnaces,  each  of  which  smelts  about  300  tons  of  concentrate  per 
day. 

The  ram  material  tor  smelting  is  an  ilmenite  ore  mined  in  the 
Allard  Lake  region  and  containing  hematite  and  ilmenite  in  2:1 
proportions.  Table  17  gives  the  composition  of  the  ore. 

The  ore  is  ground  to  -10  mm  and  separated  by  wet  screening 
into  two  fractions:  +14  mesh  and  -14  mesh.  The  coawe  fraction  is 
concentrated  on  hydraulic  cyclones,  while  the  fine  fraction  is 
separated  from  the  slime  in  a  thickener  and  concentrated  in  Temp¬ 
ers”  spiral  separators.  Hiis  combined  concentrate ,  «hich  contains 
36.8?  Ti02  and  41.8?  Pe,  is  dried  and  roasted  in  rotary  furnaces 
fed  by  exhaust  gases  from  the  electric  smelting  furnaces. 

The  object  of  rotary-furnace  wasting  is  evidently  to  remove 
sulfur  and  oxidize  part  of  the  iron  from  the  ilmenite  in  order  to 
improve  its  reducibility.  Thus,  the  roasting  is  oxidative. 

Anthracite  is  introduced  into  the  smelting  charge  as  a  re¬ 
ducer,  in  an  amount  equal  to  about  16.'5?  of  the  concentrate  mass. 
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No  flux  is  added  for  smelting.  The  electric  fur.iace  is  rectangv.- 

lar.  with  a  shaft  length  of  1^.2  m.  a  w*a<-v,  bm:  1  «  — 
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of  6.1  m.  Furnace  power  Is  about  20,000  kVA.  The  furnaces  are  of 
the  closed  type  with  suspended  vaults,  and  arc  lined  with  magne- 
zite  firebrick.  A  row  of  6  graphitized  electrodes  620  mm  In  diam¬ 
eter  Is  Installed  along  the  long  axis  of  each  furnace.  There  are 
two  electrodes  per  phase.  The  electrodes  are  traversed  automatic¬ 
ally  by  amplidyne-controiied  electric  motor  drives. 

The  charge  is  fed  continuously  through  a  system  consisting 
of  a  large  nucfcer  of  hoppers  and  loading  chutes,  which  permits  in¬ 
jection  of  the  desired  amount  of  charge  into  the  desired  zone  of 
the  furnace  at  the  desired  rate.  The  charge  is  introduced  into 
the  furnace  in  such  a  way  as  to  prevent  contact  between  the  molten 
Siag  Kim  tiid  iUtnaCc  lining,  and  hence  erosion  or  the  latter.  Tne 
furnaces  are  run  open-arc.  Furnace  temperature  during  smelting  is 
about  1650°C.  A  small  positive  pressure  Is  maintained  in  the 
furnace.  A  gas  containing  about  80?  CO  and  12?  H2  is  taken  from 
the  furnace  and,  after  washing  and  coripressing,  used  to  heat  the 
rotary  furnaces  and  driers  for  the  anthracite.  About  »5000  of 
gas  are  obtained  from  each  furnace  in  a  day. 

The  metal  and  slag  are  discharged  separately  and  intermit¬ 
tently  from  the  furnace:  the  slag  4-6  times  a  day,  and  the  metal 
2-3  times.  They  are  drained  down  to  a  certain  bath  level,  which 
is  carefully  monitored.  The  slag  is  discharged  from  the  furnace 
directly  into  chill  molds  mounted  on  carts.  To  speed  up  cooling, 
the  slag  blocks  are  sprayed  with  water  and  dumped  onto  a  platform. 
It  is  then  broken  up  into  half-inch  fragments  and  sent  for  stor¬ 
age. 

The  slag  is  used  basically  for  pigment  production,  and  has 
the  following  composition,  in  ?:  70-72  Ti02;  12-15  FeO;  1.5  (max.) 
F®met*  3* 5-5.0  SiOgj  4.0  AlgOjj  1.2  (max.)  CaO;  4, 5-5. 5  HgO;  0,25 
(max.)  Cr203;  0.5-0. 6  VgOg;  0.2-0. 3  MnO;  0.03-0.10  C;  0.025  (max.) 
P205;  10.0-15.0  Ti203  (in  TiO£). 

In  addition  to  the  slag  produced  for  pigment  titanium  dioxide 
production,  the  plant  makes  a  slag  for  use  in  production  of 
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metallic  titanium;  it  differs  from  the  former  type  only  in  having 
a  somewhat  higher  content  (74-76*)  of  TiO.  and  loss  famnu*  o?:ide 
( 8—1136 ) .  A  major  part  of  the  titanium  in  this  slag  is  bound  in 
Ti,0,  (13.0-20.0*). 

The  iron  tapped  from  the  furnace  contains  1.6-2. 5*  C,  up  to 
0.11*  S,  and  0.025*  P.  The  sulfur  is  first  removed  from  it  in  the 
ladles  and  then  in  electric  furnaces ,  at  which  point  the  so-called 
Sorel  metal  is  ready  for  delivery. 

Thus,  continuity  of  the  titanium  slago  melting  process  at 
Sorel  is  provided  by  leaving  a  high  ferrous  oxide  content  in  the 
slap:  to  render  it  readily  fug ah le  and  make  it  possible  to  dis¬ 
charge  the  smelting  products  separately  from  the  furnace.  The 
substantial  contents  of  SiOg,  AljO^*  and  MgO  in  the  charge  and 
slag,  which  act  as  fluxing  components,  also  promote  continuity  of 
smelting. 

The  process  at  the  Sorel  plant  is  economical  because  of  the 
high  yield  of  pig  per  ton  of  slag  (0.74  ton);  as  a  result,  it  is 
advantageous  to  refine  the  iron  and  sell  it  as  a  commercial  pro¬ 
duct  in  view  of  the  large  production  scale. 

The  experience  gained  at  this  plant  is  unquestionably  of 
interest  for  the  organization  of  continuous  titanium  slag  smelt¬ 
ing  in  the  USSR. 

In  the  Soviet  Union,  the  A. A.  Baykov  Institute  proposed  a 
technology  for  continuous  smelting  of  ilmenite  concentrate  by  the 
so-called  two-stage  method  in  1962  [10,  pag*  96].  The  essential 
point  of  this  technology  consists  in  preliminary  reduction  of  the 
iron  oxides  from  the  ilmenite  concentrate  in  the  solid  stage.  In 
the  proposed  process,  the  ilmenite  concentrate  is  briquetted  in  a 
mixture  with  carton  and  reduced  in  a  shaft  or  tunnel  furnace  at 
1300°C  to  produce  a  cake.  These  cakes  are  smelted  without  the 
formation  of  boiling  slags,  and  the  TIjO^iTIOj  ratio  ranges  from 
0.15  to  0.20.  This  slag  melts  at  about  1500°C.  Although  the 
process  has  not  yet  advanced  beyond  the  laboratory  testing  stage, 
it  is  unquestionably  of  interest. 
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The  two-stage  smelting  method  is  characterized  by  reduction 
of  the  iron  oxides  present  in  the  concentrate  to  the  metal  in  the 
solid  phase  during  a  first  stage*  A  wide  variety  of  methods  may 
be  used  for  the  first-stage  concentrate  reduction,  just  as  in  the 
direct  reduction  of  iron  ore?. 

In  the  second  stage,  the  concentrate  reduced  in  the  first 
stage  is  smelted  in  an  ore  furnace;  no  substantial  amount  of 
lower  titanium  oxides  accumulates  in  the  slag  during  this  process. 
Experiments  in  the  smelting  of  prereduced  concentrate  were  carried 
out  in  a  scaled-up  laboratory  furnace  [10,  page  96].  They  showed 
that  smelting  proceeds  quietly,  without  bubbling  of  the  melt  and 
with  substantially  lower  electric  power  consumption.  It  is  sug¬ 
gested  that  the  n re reduced  concentrate  might  be  smelted  without 
adding  additional  reducing  agent  [10,  page  3].  The  preliminary 
reduction  should  be  performed  on  granules  formed  in  pan  granula¬ 
tors  or  on  briquettes  mixed  with  reducing  agent. 

It  has  been  established  under  industrial  conditions  that 
briquetting  of  titanium  concentrates  mixed  with  a  reducer  makes  it 
possible  to  step  up  the  iron-oxide  reduction  nrocess  during  smelt¬ 
ing  [10,  pages  16,  105].  However,  when  briquettes  that  have  not 
been  prereduced  are  used,  two  undesirable  effects  result  [59]: 

1)  the  briquetted  charge  undergoes  sintering,  and  the  gas- 
impermeable  layer  that  formed  in  this  process  prevents  contact 
with  the  reducer  and  retards  smelting.  For  this  reason,  briquette 
smelting  is  often  combined  under  industrial  conditions  with  per¬ 
iodic  loading  of  an  unbriquetted  powder  charge  into  the  furnace; 

2)  during  smelting  of  briquettes,  the  reduction  of  iron 
oxides  takes  place  at  high  temperatures  and  ij  accompanied  by  re¬ 
duction  of  titanium  dioxide  to  a  lower  oxidation  state,  thus 
raising  the  me  Iting  point  of  the  slag  and  causing  practically  use¬ 
less  expenditure  of  power  on  this  process,  since  the  lower  titan¬ 
ium  oxides  oxidize  in  air  on  cooling  of  the  slag,  forming  titanium 
dioxide. 
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Compositions  and  Properties  of  Titanium  Slags 

Table  25  gives  typical  compositions  of  slags  smelted  out  of 
the  three  types  of  titanium  concentrates  that  we  have  discussed. 
These  data  pertain  to  fluxless  smelting.  The  titanium  dioxide 
contents  are  indicated  here  as  the  results  of  conversion  of  all 
of  the  titanium  present  in  the  slag  to  titanium  dioxide.  During 
storage,  the  slag  nruinbles  {decrepitates }  at>  a  result  of  recrystal¬ 
lization  accompanying  oxidation  of  the  lower  titanium  oxides  to 
the  dioxide.  The  mass  of  the  slag  increases,  and  its  titanium 
dioxide  content  declines  by  3-6!!. 

TABLE  25 

Typical  Compositions  of  Titanium  Slags  Smelted  Cut  of 

Various  Types  of  Raw  Material  without  Addition  of  Fluxes 
[10,  pages  16,  58,  105] 


The  ferrous  oxide  content  in  the  slags  indicates  that  it  is 
possible  to  produce  a  slag  with  a  rather  low  content  of  this  oxide 
in  fluxless  smelting.  Slag  smelted  from  rutilised  ilmenite  con¬ 
centrate,  where  the  ferrous  oxide  content  is  twice  that  in  a  slag 
smelted  out  of  arizonite  concentrate,  is  an  exception.  This  is 
because  of  the  comparatively  low  impurity  content  in  the  rutilized 
concentrate,  a  consequence  of  which  is  that  more  ferrous  oxide  is 
left  In  slags  smelted  from  this  concentrate  to  ensure  fluidity. 
However,  it  is  necessary  to  state  a  reservation:  the  lower  limit 
of  ferrous  oxide  content  in  the  slag  also  depends  on  the  profic¬ 
iency  of  the  smelting  process.  Slags  containing  less  than  2-3 t  of 
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ferrous  oxide  are  rarely  produced  because  of  the  sharp  deteriora¬ 
tion  of  their  fluidity  that  results  from  the  increased  contents  of 

lOVci  X  t CU 1 1  ujTi  Oaiuco  « 


The  most  stable  crystalline  form  of  high-titanium  slags  pro¬ 
duced  under  Industrial  conditions  is  anosovite,  whose  temperature 
of  formation  varies  as  a  function  of  the  content  of  isomorphous 
impurities  and  titanium  ions  in  various  valence  states  that  are 
dissolved  in  it. 


Anosovite  incorporates  titanium  ions  '•■f  all  valences,  and 

di-  and  tri valent  titanium  ions  may  substitute  metal  ions  in  the 

2+  3+ 

anosovite  that  have  similar  ionic  radii  (for  example.  Mg  ,  Fe  , 


etc.).  Calcium  ions,  whoso  radii  are  considerably  larger  than 
that  of  titanium  (1.01  X) ,  cannot  substitute  titanium  ions,  and 
calcium  is  therefore  not  a  constituent  of  anosovite;  the  same 
applies  to  silicon.  Calcium  and  silicon  are  the  base  for  forma¬ 
tion  of  a  new  compound  —  titanaugite  or  silicate  Blag  cement 
glass:  ml[ ( CaO •  Mgo ) - •  SiO _ ] •  n[ CaO( A1 .  Tii^-SlOj j.  The  tempera¬ 
ture  at  which  titanaugite  forms  is  about  1300° C.  According  to 
[24],  anosovite  has  a  density  of  4.4  and  titanaugite  a  density  of 
3.8  g/cm^. 


Anosovite  has  a  higher  melting  point  than  the  other  slag  com¬ 
ponents  and  is  first  to  crystallize  from  the  slags.  On  subsequent 
cooling,  the  anosovite  crystals  are  cemented  by  titanaugite. 


«  •»  _  _ _ _ ^  V>nn4  n  A  4*  U  A  ft 
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new  mineral  based  on  the  rhombohedr&i  lattice  of  forms  dur- 

Ins  TjKg  next  reduction  stugc  \wn?n  tn^  coritttins  mo vc  tnSu  tv* 

titanium  dioxide);  this  is  tagirovite,  whose  formula  is  [42] 

*t(Mg,Fe,Ti)O.TICW-n(Fe,  Al.TflA.  (H) 


which  is  a  solid  solution  intermediate  between  compounds  of  the 
types  MeO'TiOg  and  Me203.  In  tagirovite,  titanium  has  all  of  its 
three  valence  states,  and  the  tagirovite  lattice  may  incorporate 
impurities  of  di-  and  trivalent  metals  with  ionic  radii  close  to 
that  of  titanium. 
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Solid  solutions  of  the  Ti(0,  C)  type  form  on  reduction  of 

t atd ro vi te .  Hnwpup>>  t-  \ _ . ..  ...»  - 

-  —  r--— - k— —  !<iraot  0.11  l-cai  OJttgS  js  anoso- 

vite,  and  only  at  high  titanium  dioxide  contents  is  tagirovite 
dctectsi  in  them*  Two  varieties  of  anosovite  — *  a  pink  variety 
(the  predominant,  TigO^-rich  form)  and  a  bluish-gray  variety  with 
a  smaller  tltan.lum  sesouioxide  content  — -  were  round  In  a  titan** 
i urn- rich  slag  of  the  composition  [603:  90. IS  Ti05;  2.7?  Fe^*; 
°-81*  Feroet;  3*  A12°3>  2.35?  Si02;  0.67S  CaO;  2.6?  MgO;  1.45? 
Cr2°3»  1.1?  MnO;  3.6?  TiO;  28.4?  Ti^O^;  tagirovite  was  not  de¬ 
tected  [  80  ] .  It  appears  that  precipitation  of  the  tagirovite 
phase  and  Ti(C,  0)  intervenes  at  an  even  higher*  titanium  dioxide 
content  in  sians  with  low  calcium  n»ia»  rav  co 

- -  - — —  •  1 »  jjt  i*j‘ 

Perovskite  (CaO’TiOg)  is  formed  in  slags  in  which  up  to  3-5? 
CaC  is  present. 

The  presence  of  Si02  in  the  slag  results  in  the  formation  of 
a  low-melting  eutectic  (see  Figs.  19-21)  that  does  not  participate 
in  the  reduction  processes. 

An  ilroenite  phase  is  detected  in  slags  containing  more  than 
8-10?  FeO  [24,  page  50].  As  the  MgO  content  is  raised  (10-14?), 
solid  solutions  based  on  magnesium  orthotitanate  (Mg,  Fe^TiC^, 
geikielite  (MgTiOj),  baikovite  (MgO'Ti  ,0,),  and  foraterite 
(MSjSiOjj)  are  also  detected. 

The  presence  of  magnesium  oxide  in  the  slags  In  the  form  of 
the  dititanate  Mg0’2Ti02  helps  convert  the  oxide  to  anoso- 

vite  [10,  page  42]-  The  reaction  of  Ti,0c  with  magnesium  oxide  was 
studied  in  [28,  page  80].  It  was  established  that  Mg0*T10? *Ti?0, 
solid  solutions  were  formed  in  the  slag  on  addition  of  MgOin  the 
amount  of  3*85$  of  the  Ti.O^  mass.  The  hypothesis  was  advanced 
that  MgO  and  Ti^  react  as  follows: 

Ti/3,  +  MfiO  «<  MgO  •  TO,  +  TW 

The  resulting  stable  compound  —  geikielite  and  titanium 
sesquicxide  —  forms  a  solid  solution.  The  magnesium  oxide  prob¬ 
ably  dissolves  In  the  anosovite  lattice  in  the  form  of  the  ulti- 
tanatc  MgO ■  2Ti02 ,  which  is  detected  in  the  form  of  a  niOiiCi mineral 
phase,  magnesium  anosovite  McTipO^.  Specially  designed 
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experiments  confirmed  that  the  addition  of  1-95%  geikielite  to 
results  in  its  complete  solution  in  the  sesquioxide  with 
solid  solution  formation. 


Like  calcium  oxide,  magnesium  oxide  binds  titanium  dioxide, 
inhibiting  its  reduction  to  a  lower  oxidation  stage.  As  an  iso- 
morphous  admixture  to  minerals  based  on  titanium  sesquioxide, 
magnesium  oxide  raises  the  melting  point  of  the  titanium  slag, 
with  the  detrimental  consequence?  for  the  smelting  process. 


Fewer  experimental  data  are  available  on  the  influence  of 
AlgOg  on  the  properties  of  titanium  slags.  We  may  conclude  from 
[28,  pages  42,  80]  that,  like  MgO,  an  AlgOj  admixture  promotes  the 
formation  of  anosovite.  However,  in  slags  containing  TiO^,  more 
than  75%  of  the  Aio0Q  dissolves  in  the  tagirovtte.  forming  a  phase 
that  can  be  represented  schematically  by  the  formula  m(Fe ,Kg,Mn)0* 
•TiC>2*n(Ti  jAl.Fe'jO,. 

Inspection  of  the  phase  diagram  of  the  AljO^-TiO,  system  in¬ 
dicates  that-  the  presence  of  small  amounts  of  aluminum  oxide  in 
the  slag  has  no  appreciable  effect  on  its  fusafcility.  Thus,  a  slag 
containing  3$  FeO,  3%  Al^j  2%  Cr^;  2%  Si02;  and  3%  MgO  has  a 
melting  point  of  s/i600°C  even  at  a  TigO^TiOg  ratio  of  1.25.  As 
the  Ti203:Ti02  ratio  is  lowered  to  0.75,  the  slag  melting  point 
drops  to  1550°0  (Fig.  25).  The  Slag  has  about  the  same  melting 
point  when  the  FeO  content  is  raised  to  10$  and  that  of  AljO^  to 
10$. 


A  higher  AlgO^  content  in  the  slag  results  in  the  formation 
of  spinel  (Mg0-Al203)  and  titanaugite  [15]. 

Like  ferrous  oxide,  magnanous  oxide  tends  to  lower  the  fusa- 
bility  of  the  slag.  Even  in  the  insignificant  quantities  in  which 
they  are  present  in  rich  titanium  slags,  chromium  oxides  also  tend 
to  lower  slag  melting  points.  This  is  illustrated  by  Fig.  25  iloj 
as  it  applies  to  Cr.o^,  Slag  f usability  is  considerably  lower  at 
a  cr2o3  content  of  about  3$.  Reduction  of  chromic  oxide  from  the 
slag  begins  at  a  slag  content  of  less  than  10$  ferrous  oxide,  and 
the  more  completely  the  ferrous  oxide  is  reduced,  the  greater  is 
the  decline  in  slag  chromium  content. 
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Figure  25.  Melting  points  of 
titanium  slags  as  functions 
of  Ti20^:Ti02  ratio  and  con- 
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The  viscosity  of  a  titanium 
slag  is  an  important  property  in 
determining  the  smelting  technol¬ 
ogy.  It  depends  on  the  composi¬ 
tion  and  temperature  of  the  slag. 

It  follows  from  the  data 
given  in  Table  24  (see  page  119) 

are  fluid  at  temperatures  below 
1550°C  [18],  Slags  smelted  from 
arizonlte  concentrate  without  a 
flux  have  low  viscosity  at  higher 
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be  overheated  to  160Q-1650°C  for 
normal  discharge  from  the  furnace. 

The  lower  oxide3  of  titanium 
have  a  strong  influence  on  the 
slag  viscosity.  It  has  been  es¬ 
tablished  that  up  to  10-15#  of  TljOj  depresses  the  melting  point 
and  viscosity  of  the  slag  and  then  increases  it  [sic]  at  higher 
contents.  Thus,  in  order  to  obtain  slags  with  low  viscosity  at 
1500-l6005C,  it  is  necessary  to  prevent  the  accumulation  of  lower 
titanium  oxides  in  them.  Extremely  rapid  smelting  is  the  most 
important  prerequisite  for  this.  * 

The  viscosity  and  fusabllity  of  the  slags  are  strongly  in¬ 
fluenced  by  their  contents  of  ferrous  oxide  and  chromic  oxide.  An 
increase  in  the  sum  of  these  components  makes  it  possible  to  lower 
slag  viscosity  even  when  the  content  of  lower  titanium  oxides  is 
quite  high. 

Electrical  conductivity  is  another  important  technological 
property  of  titanium  slags.  Certain  data  characterizing  the 
variation  of  slag  conductivity  were  given  earlier  in  the  dsscrip- 
lon  of  flux  smelting.  It  should  be  noted  that  little  study  has 
been  devoted  to  the  conductivities  of  titanium  slags. 
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A  typical  property  of  rich  titanium  slags  is  their  tendency 
to  crumble  spontaneously  on  cooling  in  air.  Screen  analysis  of 
the  crumbled  slag  indicates  that  it  contains  86.16*  of  the  frac¬ 
tion  -1.6+0.175  mm,  and  that  the  remainder  is  finer  [60].  A  studv 
of  this  friability  of  the  slags  has  shown  that  it  apparently  re¬ 
sults  from  oxidation  of  the  lower  titanium  oxides  present  in  the 
slag  [16].  However,  the  mineralogical  composition  of  spontan¬ 
eously  crumbled  slag  has  not  yet  been  definitely  established. 

Pig  Iron  Produced  from  Smelting  of  Titanium  Slags 

Table  26  lists  data  on  the  composition  of  pig  irons  smelted 
out  of  the  above  three  types  of  concentrates.  On  the  basis  of 
j  carbon  content,  the  pig  may  be  classified  as  chilled.  A  regular 

!  TABLE  26 

;  Impurity  Contents  in  Pig  Iron  Smelted  Out.  of  Various 

j  Concentrates  [10,  pages  16,  58,  105] 
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decrease  in  carbon  content  with  decreasing  iron  yield  is  char¬ 
acteristic  for  the  compositions  given  in  Table  26.  The  highest 
iron  yield  is  obtained  from  smelting  of  ilmenite  concentrate. 
Which  contains  more  iron. 

According  to  [16],  96. 5*  Fe;  11.8*  Si;  45-8*  V,  and  0.85*  Ti 
go  over  into  the  iron  during  ilmenite  concentrate  smelting.  When 
arizonlte  concentrate  is  smelted,  on  the  other  hand,  only  o/.5% 
of  the  Fe,  about  18-20*  of  the  Or,  about  3-5*  of  the  Si,  and  0.3* 
of  the  V  are  extracted  into  the  iron. 
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The  extraction  percentages  of  these  components  into  tne  iron 
are  governed  by  the  initial  concentrate  composition  and  the  mass 
ratio  of  the  iron  and  slag. 

Iron  containing  more  titanium,  silicon,  ana  enromium  can  be 
produced  in  small  furnaces.  Thus,  the  iron  from  experimental 
smeltings  in  a  closed  250-kVA  furnace  contained  1.92%  C,  1.95% 

Ti,  and  1.05%  Si. 

The  greatest  practical  interest  attaches  to  extraction  of 
chromium  into  the  iron  from  arisenite  concentrate,  in  which  its 
content  sometimes  ranges  up  to  5%  (see  Table  26).  Specially  de¬ 
signed  studies  [29,  page  22]  bro  Ugh t  Out  the  rcidoxyiiDiiiyo  uiiau 
determine  extraction  of  chromium  into  the  iron.  It  was  estab¬ 
lished  that  the  transfer  of  chromium  to  the  iron  depends  to  a 
major  degree  on  the  iron's  carbon  content.  When  about  3%  2  is 
present  in  the  iron,  its  chromium  content  rises  to  2.5%. 

The  extraction  of  chromium  into  the  pig  is  also  influenced 
by  the  yield  of  iron  on  the  slag  and  the  slag  ferrous  oxide  con¬ 
cent.  On  addition  of  metai  to  the  slag,  a  slag  containing  0.1- 
0.2%  Cr  can  be  obtained.  For  better  extraction  of  the  chromium 
into  the  iron,  the  ferrous  oxide  content  in  the  3lag  must  be  be¬ 
low  3%.  In  view  of  the  difficulty  of  extracting  chromium  into 
the  iron,  it  is  more  advantageous  to  extract  the  chromium  during 
concentration.  Reference  [29,  page  2?]  demonstrates  the  practi¬ 
cal  feasibility  of  partial  magnetic  separation  of  the  chromium 
from  the  concentrate. 
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PRODUCTION  AND  PURIFICATION  OF 
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Chapter  9 


CHLORINATION  OF  TITAN I UN- CONTAINING  MATERIALS 


Titanium  tetrachloride  is  prepared  either  by  direct  chlori¬ 
nation  of  titanium-containing  concentrates  and  slags  or  by  chlo¬ 
rination  of  pure  titanium  oxide  obtained  by  hydrometallurgical 
refinement  of  these  materials.  At  the  present  time,  the  former 
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industrial  practice. 


The  advantages  of  the  chlorination  method: 

1.  The  high  reactivity  of  gaseous  chlorine  at  elevated  tem¬ 
peratures  and  its  relatively  low  cost,  which  still  shows  a  down¬ 
ward  trend  as  a  result  of  the  development  of  electrolytic  methods 
of  producing  metals  and  chlorine  from  chlorides,  e.g.,  the  elec- 
■trolysls  of  magnesium  and  sodium  chlorides. 

2.  The  relative  simplicity  and  efficiency  of  separating  the 
titanium  tetrachloride  formed  during  chlorination  from  the  other 
chlorides  that  accompany  it  in  this  process. 

3*~  The  high  productivity  of  ths  basic  tschnological  equip¬ 
ment  -in  the  chlorination  and  chloride-separation  processes. 

The  chlorination  method  makes  it  possible  to  break  up  the 
titanium-containing  materials  quite  completely  and  quickly  and 
separate  the  basic  mass  of  the  impurities  from  the  titanium  tetra¬ 
chloride  during  the  chlorination  process  itself  and  on 
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condensation  of  the  resulting  products. 

Ko1ecul*r  Structure  and  Properties  of  Titanium  Tetrachloride 

At  room  temperature ,  pure  titanium  tetrachloride  is  a  color¬ 
less  mobile  liquid.  The  technical  product  has  colors  varying  from 
yellowish-gr-een  to  dark  red,  depending  on  the  amount  and  type  of 
the  impurities  present  in  it.  The  titanium  tetrachloride  molecule 
has  the  form  of  a  regular  tetrahedron  with  the  titanium  nucleus  at 
its  center  and  the  nuclei  of  the  chlorine  atoms  at  its  vertices. 

The  distance  between  chlorine  nuclei  in  the  molecule  is  3*61  + 

+  0.04  %,  and  that  between  the  titanium  and  chlorine  nuclei  is 
2.1C  +  0.04  \  [1].  Because  of  these  structural  features,  the 
TiCljj  molecule  has  no  dipole  moment,  and  there  io  a  weak  inter- 
molecular  Interaction  In  liquid  and  solid  titanium  tetrachloride. 

As  a  result,  the  latter  is  characterized  by  relatively  low  melting 
point  (-25°C),  boiling  point  (136. 5°C  at  P  -  760  nun  Hg),  and  heat 
of  vaporization  (45  oal/g  at  136*0 .  Density  determinations  made 
on  vaporized  titanium  tetrachloride  at  96°C  and  191  mm  Hg  indicate 
that  it  consists  of  single  molecules  [2].  According  to  calcula¬ 
tion,  the  critical  temperature  is  about  628°K  [3]*  The  density  of 
liquid  titanium  tetrachloride  at  19.84°C  is  1.72796  g/cm3,  and  that 
of  the  solid  form  at  -79°C  is  2.06  g/cm3. 

The  heat  of  formation  of  liquid  titanium  tetrachloride  from 
the  elements  at  20°C  is  185  kcal/mole,  and  the  entropy  of  forma¬ 
tion  la  47.9  cal/(mole*dsg).  The  heat  capacities  of  titanium 
tetrachloride:  solid  (-25*0  31*0  csl/mole,  liquid  (+21°C)  36.6 
cal/mole,  vapor  (20-136°C)  24.5  cal/mole.  Pure  titanium  tetra¬ 
chloride  has  practically  zero  electrical  conductivity  [4].  The 
viscosity  of  titanium  tetrachloride  is  n. 00826  P,  at  20°C  and 
0.01012  P  at  0°C. 

Titanium  tetrachloride  is  a  chemically  active  confound  that 
reacts  with  many  substances  at  room  temperature  or  on  heating. 

At  room  temperature,  titanium  tetrachloride  does  not  react 
with  thoroughly  dried  air.  If,  however,  the  air  contains  mois¬ 
ture,  a  white  smoke  forms  immediately  as  a  result  of  formation  of 
solid  hydrolysis  products.  Dry  oxygen  reacts  with  titanium 
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tetrachloride  above  500° C  with  formation  of  titanium  dioxide  and 
chlorine: 


TiCI«  +  04-TiO,  +  2at.  (1) 

The  rate  of  this  reaction  rises  rapidly  with  temperature.  In 
contact  with  water,  titanium  tetrachloride  is  subject  to  almost 
complete  hydraulysis  in  accordance  with  the  following  overall 
equation: 

TICU+SH/^TW^-MHCW  (2) 

Liquid  titanium  tetrachloride  reacts  especially  •olenti.y,  almost 
explosively,  with  water.  Some  of  the  TiO^  j  that  is  formed  dis¬ 
solves,  and  some  of  it  is  precipitated  in  the  form  of  a  gel.  When 
titanium  tetrachloride  la  treated  with  *  small  amount-  of 
incomplete-hydrolysis  products  with  indeterminate  compositions 
are  formed,  depending  on  conditions  [7],  Most  stable  among  these 
is  TIOClj  [8].  At  temperatures  above  400°C,  water  vapor  and  ti¬ 
tanium  tetrachloride  react  with  formation  of  the  dioxide  and  hy¬ 
drogen  chloride. 

Hexachlorotitanic  acid  HjTiClg  forms  in  concentrated  hydro¬ 
chloric  acid  solution  on  passage  of  hydrogen  chloride  through  it 
[6].  The  potassium  salt  of  this  acid  can  be  prepared  in  the  solid 
state  [9].  Metals  and  hydrogen  have  a  characteristic  reducing 
action  on  titanium  tetrachloride.  Depending  on  conditions  and 
the  reducing  agent  used,  the  trichloride,  dichloride,  and  even 
elementary  titanium  may  be  formed;  Metallic  copper  reacts  with 
titanium  tetrachloride  at  room  temperature,  with  formation  of  a 
black  product  on  the  copper  surface.  According  to  Koonts  and 
Nicholson  [5],  the  process  involves  the  reactions 

c»+ na.-cua +na*  (3) 

Cua+Tta.-Cena,.  (4) 

Iron  does  not  act  on  titanium  tetrachloride  at  red  incan¬ 
descence  [6]. 

At  the  boiling  point,  titanium  tetrachloride  reacts  with 
hydrogen  sulfide  to  form  titanium  sulfochlorlde  and  sulfide: 

TtCI,  -f  -  TiSd,  -f  JHCt,  (5) 


1H6 
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Tisci,  +  H,s  »  ns, + 2Ha. 


(6) 


Ac  co 


When  titanium  tetrachloride  vapor  is  passed  over  hot  metal  sul¬ 
fides,  titanium  disulfide  and  the  chloride  of  the  corresponding 
metal  are  formed: 

TiCi,  -f  2ZriS  •«  TiS,  -f  iZnCi,.  (7) 

Titanium  thiochlorlde  forms  when  TiCl^  is  reacted  with  titanium 
disulfide [6]: 

T1CI.  4.  TiS,' W  2TISCI..  (8) 

Titanium  tetrachloride  reacts  with  hydrocarbons,  esters,  alcohols, 
aldehydes,  ketones,  cyanides,  acids,  acid  derivatives,  amines  and 
nitriles,  and  azo  compounds.  Carbon  tetrachloride  and,  to  all 
appearances,  other  chlorinated  hydrocarbons  are  inert  with  respect 
to  titanium  tetrachloride. 

Thermodynamic  Background  of  Chlorination 

The  chlorination  process  is  carried  out  at  700-1000°C  under 
industrial  conditions.  Since  the  reactions  that  take  place  dur¬ 
ing  chlorination  arrive  at  equilibrium  comparatively  quickly  at 
these  temperatures,  many  aspects  of  the  process  can  be  explained 
by  reference  to  thermodynamic  relationships. 

The  titanium  concentrates  subject  to  chlorination  are  complex 
oxide  systems . 

However,  to  ascertain  qualitative  relationships  in  first  ap¬ 
proximation,  they  can  be  regarded  as  mechanical  oxide  mixtures. 

Titanium  dioxide  reacts  with  chlorine  in  accordance  with  the 
equation 

no, +20,-10,+ cv  (9) 

Hie  change  in  the  standard  isobaric  potential  of  this  reaction  at 
1000°K  is  AZ^qqq  •  30.4  kcal,  and  the  heat  effect  -AH1000  ■  -h5.8 
kcal.  Consequently,  the  equilibrium  constant  of  Reaction  (9) 
equals 
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According  to  this  reaction,  pm. ■  p„  .  Since  the  total 

'  U  2 

gas  pressure  in  the  system  is  one  atmosphere,  the  chlorine  par¬ 
tial  pressure  equals  pcl^  ■  l-(pTiCi^+  P0^)  «  1-2PTiCl,.  *  UslnS 

these  relationships,  we  find  that  at  1000°K,  the  equilibrium  par¬ 
tial  pressure  of  the  titanium  tetrachloride  vapor  for  the  chlori- 
nation  reaction  of  titanium  dioxide  is  4.7o  *  10  atm.  This  cor¬ 
responds  to  a  tetrachloride  vapor  concentration  of  'V'O.OSI  (by 

volume)  in  the  vapor-gas  mixture.  At  1000°K,  QsJL •«-2,3-19‘,>0. 

<r  at* 

With  rising  temperature,  therefore,  the  equilibrium  constant  of 
Reaction  (9)  increases.  The  equilibrium  titanium  tetrachloride 
concentration  in  the  gaseous  chlorination  products  increases  ac¬ 
cordingly,  reaching  ^0.5<  (by  volume)  at  1000° C,  when  the  equilib¬ 
rium  chlorine  concentration  is  ^99 t  (volumetric). 


The  thermodynamic  data  given  above  indicate  that  it  is  prac¬ 
tically  impossible  to  design  an  effective  process  for  acquisition 
of  titanium  tetrachloride  from  the  dioxide  at  temperatures  below 
1000°C  on  the  basis  of  Reaction  (9)»  since  the  degree  of  utiliza- 
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tremely  low.  To  shift  the  chlorination-reaction  equilibrium  to 
the  right,  it  is  necessary  to  bind  the  oxygen  liberated  as  the 
oxides  are  chlorinated.  Por  this  purpose,  a  carbon  reducer  is 
added  to  the  charge.  In  this  case,  the  chlorination  reaction  pro¬ 
ceeds  according  to  the  foliowing  over-all  equations: 

•nob+c+sd.-tio.+e^i  (10) 

and  TBb+K+.KI.-T«a»+.**>- 

Since  the  change  in  isobaric  potential  as  a  result  of  the  reac¬ 
tion  does  not  depend  on  the  reaction  mechanism,  each  of  these 
equations  can  be  regarded  from  the  thermodynamic  point  of  view  as 
the  sum  of  Reaction  (9)  end  one  of  the  carbon-combustion  reactions 


0,+c-oow 

O,  +  JC-3C0. 


(12) 

(12a) 


Thus,  AZ|Q  -  AZ£  +  A Z«2  and  AZ|X  •  AZ|  ♦  AZ^.  At  1000°K, 
AZ“0  and  AZ|X  equal' -64.0  koal  and  -64.9  kcal,  respectively,  and 
the  equilibrium  constants  of  these  reactions  are: 


£ 


1 


I 


! 


PTD-HC-23-352-69 


Both  reactions  proceed  almost  completely  to  the  right  in  practice. 
Unlike  Reaction  (9),  therefore,  the  chlorination  of  titanium  dio¬ 
xide  in  the  presence  of  carbon  can  give  a  high  degree  of  chlorine 
utilization  and  high  process  productivity,  assuming  selection  of 
conditions  under  which  the  reaction  proceeds  rapidly  enough. 


Reactions  (10)  and  (11)  take  place  simultaneously  during  the 
chlorination  of  titanium  dioxide.  Consequently,  calculation  of 
the  equilibrium  composition  of  the  gaseous  products  in  the  chlorl- 
nator  requires  simultaneous  solution  of  a  system  of  equations  ex¬ 
pressing  the  equilibrium  conditions  of  Reactions  (10)  and  (n). 
the  mass-balance  conditions  in  the  system,  and  equality  of  the 
total  pressure  to  one  atmosphere: 


The  ratio 
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represents  the  equilibrium  constant  of  the  Boudouard  reaction: 

00,+c-sca  (20) 

If  Kpq  »  1  (temperature  >1000°C),  then  pCQ  <<  pCQ.  In  this 

case,  the  equilibrium  of  Reaction  (10)  can  be  excluded  from  con¬ 
sideration  in  computing  the  equilibrium  gas  composition,  and  we 
can  assume  that  the  chlorination  reaction  proceeds  by  Eq.  (11) 
alone. 

If  Kjq  <<  1  (temperature  <  1»00°C),  then  pCQ  »  pCQ.  In  this 
case.  Reaction  (11)  need  not  be  taken  into  consideration  in 
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computing  the  equilibrium  gas-phase  composition*  In  the  inter¬ 
mediate  temperature  range,  it  is  necesoary  to  consider  the  equi¬ 
libria  of  both  reactions.  At  700-800°C,  the  equilibrium  constants 
of  Reactions  (10)  and  (11)  differ  relatively  little  from  one  an¬ 
other  despite  the  substantial  difference  between  the  heat  effects. 
Thus , 

—  k/C6l» 

— - 7,6  k/ cal. 

Thus,  the  amount  of  heat  liberated  as  a  result  of  Reaction  (10) 
for  the  2  moles  of  chlorine  is  40.8  kcal  larger  than  the  heat 
effect  of  Reaction  (11).  The  same  difference  is  also  observed 
between  the  heat  effects  in  chlorination  of  other  oxides.  This 
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In  selecting  the  reducing  reagent,  it  is  necessary  to  con¬ 
sider  .the  equilibria  of  all  of  the  independent  reactions  that  may 
occur  in  the  system  under  the  particular  conditions.  As  an  ex¬ 
ample,  let  us  consider  the  chlorination  reaction  with  participa¬ 
tion  of  a  cental.,  reducing  agent  whose  molecule  we  shall  denote 
by  the  symbol  E.  The  following  side  processes  (22,  22a,  22b)  will 
probably  take  place  together  with  the  main  Reaction  (21)  in  the 
system  under  consideration: 


TKV+  at  +  2a,  -  TW»  +  Vfy. 

(21) 

ox + 2d,  - 

(22) 

_ _  i  -  i - -  I  -  ~ 

(22a) 

na4+-J-a»-na,+-i.i'jai, 

(22b) 

where  a  is  a  positive  whole  or  fractional  number  <4. 

The  reactions  in  which  titanium  compounds  are  reduced  (22a 
and  22b)  can  take  place  under  equilibrium  conditions  only  in  the 
practically  total  absence  of  cl.lorine  in  the  gases,  since  the 
equilibrium  constants  of  these  reactions  are  very  small  by  com¬ 
parison  with  those  of  Reactions  (21)  and  (22),  respectively,  re¬ 
gardless  of  the  nature  of  the  reducing  agent.  Progress  of  the 
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side  reaction  (22)  is  undesirable  owing  to  the  unproductive  con- 
sumpt.  on  of  chlorine  for  formation  of  EaCllj, 

Carbon,  which  is  usually  used  as  a  reducer  in  chlorine  chlo¬ 
rination  of  titanium  dioxide,  is  attractive  not  only  for  its 
availability,  but  also  because  practically  no  side  reactions  take 
place  when  it  is  used. 

In  the  presence  of  side  reactions,  the  number*  and  composi¬ 
tion  of  the  phases  existing  at  equilibrium  will  vary,  depending 
on  the  component  proportions  in  the  starting  mixture,  the  chlori¬ 
nation  conditions,  and  the  nature  of  the  reducer.  We  shall  limit 
ourselves  to  examination  of  a  single  particular  case.  Let  us  as¬ 
sume  that  the  process  takes  place  at  atmospheric  pressure  and  a' 
constant  temperature  in  the  system  (the  chlorinator) .  Let  us  as¬ 
sume  further  that  the  starting  substances  are  TiC>2,  E,  and  Cl2, 
and  that  the  Ti02,  E,  E&02,  41,(1  EaC14  form  seParate  condensed 
phases.  Assuming  that  equilibrium  is  established  instantaneously 
in  the  system,  let  us  find  how  the  chlorine  is  distributed  between 
TiCl^  rind  E&C1^  at  the  end  of  chlorination.  Only  the  oxidized 
forms  — Ti02,  Ea02,  TiCl^,  and  EaCl^  — can  be  stable  compounds 
under  these  conditions.  Thus  Reactions  (22a)  and  (22b)  need  not 
be  considered  in  the  thermodynamic  analysis. 

In  accordance  with  the  conditions  adopted,  the  equilibrium 
constants  of  Reactions  (21)  and  (22)  will  be  expressed  as  follows: 

*•» 


The  chlorine  partial  pressures  calculated  with  Eqs.  (23)  and 
(24)  using  pCL2  +  pwcili  «  1  a« 

.  -l  +  VTTVj  (25] 
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(we  disregard  the  vapor  pressures  of  the  condensed  phases).  At 
equilibrium,  the  system  may  be  under  the  partial  pressure  of 
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chlorine  alone.  However,  as  we  see  from  (25)  and  (26),  this  con¬ 
dition  cannot  be  satisfied  at  an  arbitrarily  assigned  temperature 
for  Reactions  (21)  and  (22).  Simultaneous  occurrence  of  these 
reactions  is  therefore  impossible.  The  one  for  which  the  equi¬ 
librium  chlorine  partial  pressure  is  lower  will  take  place  first 
in  the  system.  It  follows  from  (25)  and  (26),  for  example,  that 
if  K21  >  K22,  Reaction  (21)  will  take  place.  With  (K21)1/Z  »  1, 
the  condition  for  occurrence  of  (22)  takes  the  form  K22  >  K21> 

The  last  two  conditions  are  equivalent  to 

AZjj  —  AZ«  <0,  (27) 

AZj,-A2li>0.  (28) 

The  exchange-reaction  equation  is 

TJO,  +  E.a«-Tia4  +  *A  (29) 

and  represents  the  difference  between  the  equations  of  Reactions 
(21)  and  (22).  The  change  in  standard  isobaric  potential  for  this 
reaction  is  given  by  the  difference 

A2tt*”AZti  — AZti>  (30) 

whose  sign,  according  to  Conditions  (27)  and  (28),  determines  the 

sequence  in  which  Reactions  (21)  and  (22)  occur. 

Thus,  if  AZ°9  <  0  and  the  T102:E  ratio  in  the  initial  mixture 
is  not  below  stoichiometric  according  to  Eq.  (21),  all  of  the 
chlorine  will  be  bound  in  TiClj,  at  the.  end  of  the  process.  If 
the  initial  mixture  contains  an  excess  of  E,  it  will  react  with 
the  chlorine  after  Reaction  (21)  has  been  completed.  If  AZ >  0 
and  (K21)1/2  »  1,  Reaction  (21)  will  be  practically  absent,  and 
all  the  chlorine  will  be  bound  into  EgClj,. 

In  Reaction  (21),  in  which  we  are  Interested,  the  maximum 
chlorine  utilisation  will  be 

,.J5e»z*st.r-i!sk.,  (3i) 

+d, 

where  e  is  the  maximum  desrea  of  chlorine  utilisation,  is  the 

number  of  gram-molecules  of  chlorine  entering  the  chlorinator  dur¬ 
ing  a  certain  time  interval,  and  npQ]_^  number  of  gram- 
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molecules  of  chlorine  leaving  the  chlorinator  during  the  same  time 
with  the  equilibrium  vapor-gas  mixture. 

Since  the  total  pressure  is  1  atmosphere,  the  chlorine  par¬ 
tial  pressure  is  numerically  equal  to  its  molar  fraction: 


_ . .  • 


where  n  is  the  number  of  gram-molecules  of  TICK  leaving  the 

pui/ijj 

chlorinator  with  the  equilibrium  vapor-ga3  mixture. 

Substituting  these  expressions  into  the  formula  fo~  e,  we 
finally  obtain 


If  one  or  more  of  the  substances  E,  or  ^Cl^  *8  gaseous 

at  the  chlorination  temperature,  the  number  of  degrees  of  freedom 
in  this  system  will  be  increased,  and  its  thermodynamic  analysis 
will  be  more  complicated.  Calculation  of  the  equilibrium  will  re¬ 
quire  simultaneous  solution  of  a  system  of  equations  expressing 
the  equilibrium  and  mass-balance  conditions  and  equality  of  the 
total  system  pressure  to  one  atmosphere.  If  the  reducing  agent, 
and  its  oxide  and  chloride,  are  gaseous  at  the  chlorination  tem¬ 
perature,  simultaneous  solution  of  this  equation  system  is  most 
time-consuming.  In  this  case,  if  Reactions  (22a)  and  (22b)  can  be 
disregarded,  we  have  the  following  equilibrium  conditions: 

<3*0 

„  (35) 

where  a^  a2,  and  a^  art  the  numbers  of  molecules  of  the  gaseous 
products  Ea02,  E,  and  EaCl„,  respectively,  that  are  formed  or 
consumed  in  Reactions  (21)  and  (22)  for  each  two  chlorine  mole¬ 
cules. 
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If  the  reducer  is  placed  in  the  chlorinator  in  an  amount  that 
is  stoichiometric  with  the  chlorine,  we  have 

«»Pa,  =  t?9.  (36) 


In  addition. 


#rid.  +  Ptfi,  +  Plja.  +  Pa.  "  ,* 


(37) 

(38) 


After  determining  the  equilibrium  partial  pressures  from  this 
equation  system,  we  found  the  equilibrium  degree  of  utilization  of 
the  chlorine  and  the  fraction  of  the  amount  of  chlorine  fed  into 
the  chlorinator  that  goes  into  the  useful  product,  TiClj,,  under 
equilibrium  conditions. 


Much  as  in  the  preceding  case,  the  degree  of  chlorine  utili¬ 
zation 


1  —  1  — -  |  —  • 


v>*;r 
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■ 

am.+^io.+’T’  Ptfi* 


~*rnja. 


(39) 

(40) 


The  fraction  of  chlorine  that  has  gone  into  the  TiCljj  under  equi¬ 
librium  conditions  is 


- Ssskj - 

%SI*  Aa.+^no.+'^'^V** 


(41) 


The  ratio  of  the  equilibrium  partial  pressures  of  TiCl,,  and  EgClj, 
is  determined  by  the  equilibrium  constant  of  the  exchange  reaction 
(29): 


(42) 

tfl* 


The  smaller  AZ|j,  the  larger  wij.x  be  the  equilibrium  constant  of 
this  reaction  and,  consequently,  the  larger  c^. 

The  equilibrium  of  oxide-chloride  exchange  reactions  such  as 
(29)  must  also  be  taken  into  account  in  chlorinating  multicompo¬ 
nent  titanium  raw  materials  with  chlorine  in  the  presence  of  car¬ 
bon.  The  reactions  between  titanium  tetrachloride  and  the  oxide 
components  of  the  raw  material  play  an  important  role  in  the 
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processes  taking  place  in  the  ehlorinator  zone  in  which  there  is 
practically  no  free  chlorine.  If  the  titanium  tetrachloride  par¬ 
tial  pressure  in  the  vapor-gas  mixture  is  below  the  equilibrium 
pressure  for  Reaction  (29),  the  chloride  EaCli<  will  become  a 
chlorinating  agent  for  the  titanium  dioxide,  i.e..  Reaction  (29) 
will  proceed  from  left  to  right.  If,  on  the  other  hand,  the  ti¬ 
tanium  tetrachloride  partial  pressure  is  above  the  equilibrium 
for  Reaction  (29),  the  titanium  tetrachloride  will  instead  chlori¬ 
nate  the  corresponding  oxide,  and  the  reaction  will  go  from  right 
to  left. 

It  is  Interesting  to  note  that  reactions  of  the  (29)  type  can 
take  place  between  an  oxide  and  chloride  of  the  same  element,  with 
formation  of  an  oxichloride. 

Wie  equation  of  Reaction  (29)  can  also  be  regarded  as  the 
difference  between  the  equations  of  the  reactions  of  chlorine  with 
the  corresponding  oxides: 

*'»«A+2CI*“  ( i»3) 

VA+2CI*-*««£I*+(V  (UU) 

Consequently,  the  change  in  the  standard  isobaric  potential 
of  Reaction  (29)  equals  the  difference  between  the  standard  iso¬ 
baric  potential  changes  of  these  reactions.  If  AZ$3  <  AZg^,  the 
equilibrium  of  the  exchange  reaction  (29)  is  shifted  toward  the 
formation  of  E^Clj,.  If,  however,  AZJ0  >  AZ^,  the  equilibrium 
is  shifted  in  favor  of  E2a2Cl|,. 

The  standard  isobaric  potential  changes  for  the  chlorination 
reactions  of  a  number  of  oxides  are  given  below  for  1000° K  in 
kcal/g-atom  of  Cl: 
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As  we  3ee  from  these  data,  the  oxide  components  of  the  titan¬ 
ium  raw  material  can  be  arrayed  in  the  following  series  in  order 
of  their  tendency  to  chlorination:  KgO  >  Na20  >  CaO  >  MnO,  PeO, 
MgO,  HjO  >  T502  >  AlgOj  >  SiOg.  Since  the  chlorination  process 
is  controlled  in  such  a  way  as  to  chlorinate  the  titanium  dioxide 
as  completely  as  possible,  the  oxides  before  Ti02  in  the  series 
are  practically  completely  chlorinated.  Aluminum  and  silicon 
oxides  do  not  chlorinate  as  completely  as  titanium  dioxide. 
Usually,  the  degree  of  their  chlorination  does  not  exceed  40Jf. 

As  a  result  of  the  large  drop  of  the  standard  isobaric  potential, 
the  chlorination  reactions  of  the  oxides  of  K,  Na,  and  Ca  have 
large  equilibrium  constants.  Hence  these  oxides  can  be  chlori¬ 
nated  by  chlorine  without  a  reducing  agent.  Efficient  chlorina¬ 
tion  of  the  other  oxides  requires  introduction  of  a  reducer  into 
the  system. 

As  we  noted  above,  the  oxides  and  chlorides  of  the  elements 
in  this  series  can  react  with  one  another.  Thus,  for  example, 
titanium  tetrachloride  can  chlorinate  oxides  below  it  almost  com¬ 
pletely  (see  pegs  156-157): 

TK3,  +  2H/)  —  TiO^  +  irtU,  (45) 

Tia4  +  JOO  -TO,  +  X»CJ*  (46) 

The  occurrence  of  such  reactions  between  titanium  tetrachloride 
and  easily  chlorinated  oxides  has  been  demonstrated  experimentally 
£?>  P»8*  1*3;  *6].  Schafer  [383  showed  that  aluminum  chloride  is 
an  active  chlorinating  agent  for  many  oxides,  including  T102  even 
at  comparatively  low  temperatures,  but  does  not  react  with  silicon 
dioxide.  Under  these  conditions,  the  reaction  of  Ti02  with  AlCl^ 
takes  place  with  formation  of  aluminum  oxychloride: 

Ttt,  +  2AICJ,  -  TO,  +  2AKX3,  (47) 
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which  is  a  white,  practically  nonvolatile  solid.  At  temperatures 
above  600oC,  it  decomposes  with  formation  of  A1C13  and  AlgOg. 

Chlorine  compounds  containing  carbon  and  sulfur  are  also 
sometimes  used  as  chlorinating  agents  to  obtain  titanium  tetra¬ 
chloride  from  the  dioxide.  Then  the  chlorination  reactions  pro¬ 
ceed  in  accordance  with  the  following  over-all  equations: 

TiO,  +  2COC1,  -  TtCI4  +  2CO,,  (48) 

TioI+ca1-TKa44-cov,  (49) 

TWi+2S,ai-nci4+ss+sob.  (50) 

The  equilibrium  of  each  of  these  reactions  has  been  shifted 
practically  all  the  way  to  the  right.  However,  note  must  be  taken 
of  the  following.  If  the  chlorination  is  conducted  at  tempera¬ 
tures  at  which  the  chlorinating  agents  are  thermodynamically 
stable  with  respect  to  dissociation  into  reducer  and  chlorine 
molecules  (the  AZ°  of  formation  of  the  chlorinating  agent  from 
the  reducer  and  chlorine  <0),  the  drop  in  the  standard  isobaric 
potential  of  Reactions  (48-50)  will  be  smaller  than  that  for 
chlorination  reactions  of  the  (21)  type. 

In  such  cases,  the  equilibrium  constant  of  the  reactions  in 
which  chlorination  is  by  chlorine  compounds  is  smaller  than  that 
of  the  chlorine-chlorination  reaction  in  the  presence  of  an  ap¬ 
propriate  reducing  agent.  In  practice,  however,  there  are  fre¬ 
quent  cases  in  which  the  use  of  chlorine  compounds  Instead  of  a 
mixture  of  chlorine  with  an  appropriate  reducer  makes  it  possible 
to  raise  chlorinator  productivity  substantially  and  increase  the 
degree  of  chlorine  utilisation.  Thi3  is  because  the  Indicators 
of  the  process  are  determined  under  these  conditions  by  kinetic 
factors  rather  than-by  thermodynamic  equilibrium  conditions.  Thus, 
for  example,  Reaction  (48)  advances  at  considerable  speed  at  450° C, 
while  the  mixture  of  chlorine  and  carbon  monoxide  shows  practically 
no  reaction  with  titanium  dioxide  at  these  temperatures. 

As  we  noted  in  Part  II,  the  titanium  in  the  slags  is  not  only 
in  the  quadrivalent  state,  but  also  in  the  tri-  and  even  the  di¬ 
valent  states.  Unlike  titanium  dioxide,  the  lower  oxides  may  re¬ 
act  directly  with  chlorine  in  the  absence  of  a  reducer,  in 
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accordance  with  the  reactions 


2TO  +  2CI,-  ^  +  TIO*  (51) 

arri.p.+sa,-.  (52) 

In  addition,  the  lower  titanium  oxides  may  be  oxidized  by  carbon- 
containing  gases : 

2TiO  +  CO,  -  2TiO,  -f  C,  (53) 

TKH-CO.-TO.  +  OO,  (54) 

TIA  +  C0,-*TiQ|  +  00.  (55) 

2TiA  +  <A“<T10,  +  C.  (56) 


The  standard  isobaric  potential  changes  for  Reaction  (51-55)  at 
1000°K  are  -131,  -107,  -66.9,  -34.0,  and  -20.5  kcal,  respectively. 
The  large  loss  of  standard  isobaric  potential  for  Reactions  (51) 
and  (52)  makes  it  possible  to  bind  practically  all  of  the  chlorine. 
In  chlorinating  titanium  monoxide  in  the  presence  of  carbon,  the 
ratio  of  the  CO  and  C02  concentrations  in  the  exhaust  gases  is 
higher  than  in  titanium  dioxide  chlorination  [45].  This  may  be 
explained  by  the  occurrance  of  Reaction  (54).  Leaving  kinetic 
factors  aside,  we  may  state  that  the  lower  oxides  of  titanium 
will  be  chlorinated  more  actively  than  the  dioxide  when  Reactions 
(53)  and  (56)  proceed  from  left  to  right.  In  this  case,  the  TiO  and 
TijOj  phases  will  be  thermodynamically  unstable  with  respect  to 
the  Ti02-carbon  mixture. 

Mechanism  and  Kinetics  of  Chlorination 

Little  study  has  been  devoted  ‘.-,0  the  mechanism  by  which  metal 
oxides  are  chlorinated  by  chlorine  in  the  presence  of  carbon.  The 
prevailing  conceptions  of  the  chlorination  mechanism  as  it  applies 
to  titanium  dioxide  can  be  broken  down  into  the  following  groups. 

First  group  [10,  46,  47]-  Ihe  chlorine  reacts  with  titanium 
dioxide  by  Reaction  (9),  with  formation  of  titanium  tetrachloride 
and  elementary  oxygen,  which  then  combined  with  the  carbon  to  form 
C02  or  CO  by  reactions  (12)  and  (12a). 

Second  group  [12,  13,  46].  The  titanium  dioxide  is  first  re¬ 
duced  by  C  or  CO  to  a  lower  oxide: 

«TKfc+C-.2T2A+COb  (56a) 
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6TO,  +  C  -  2Tifit  +  CO, 


(56b) 


This  oxide  then  reacts  with  the  chlorine  by  Eq.  (52)  and 
forms  TiCl^;  an  alternative  is  the  reaction 

2TIA  +  2Cli-TiCl4  +  5Ti(V  (56c) 

group  [15;  7,  page  115;  48;  49],  Hie  titanium  dioxide 
is  chlorinated  by  phosgene  formed  as  a  result  of  the  reaction  of 
chlorine  with  carbon  monoxide  in  the  presence  of  carbon: 


co+ a,  -  coci* 

TK3|  +  2COCI,  «=»  TiCI,+  200,, 
CQ,  +  C«2C0. 


(57) 

(58) 

(20). 


Fourth  group  [15,  49,  50,  51].  Chlorination  is  effected  by 
chlorocarbons  fortited  on  the  surface  of  the  carbon. 


Fifth  grout  [7,  page  1355  14 »  15].  Chlorination  proceeds 
via  an  intermediate  stage  in  which  radicals  whose  molecules  con¬ 
tain  oxygen  are  formed.  The  process  takes  place  in  the  absence 
of  direct  contact  between  the  titanium  dioxide  and  carbon  parti¬ 
cles. 


We  ran  experiments  to  test  the  first  three  groups,  whose 
schemes  have  been  formulated  in  quite  specific  terms.  Coked 
briquettes  made  from  a  mixture  of  rutilized  titanium  dioxide  and 
lampblack  were  subjected  to  chlorination.  A  '40*  solution  of  sugar 
in  water  was  used  as  a  binder.  The  briquettes  contained  24*  car¬ 
bon. 

It  was  established  from  study  of  the  rate  of  chlorination  by 
a  chlorine-oxygen  mixture  at  low  temperatures,  when  there  is  no 
diffusive  stagnation  in  the  gas  stream  or  in  the  pores  between 
briquette  particles,  that  the  observed  titanium  tetrachloride 
vapor  concentration  in  these  pores  was  7-9  orders  higher  than  the 
equilibrium  concentration  for  Reaction  (9).  This  does  not  imply 
lncompatabillty  of  the  first  variant  of  the  titanium  dioxide 
chlorination  mechanism  with  the  experimental  data.  Comparison 
of  the  chlorination  rates  of  briquettes  made  from  a  titanium- 
dioxide-lampblack  mixture  with  the  rate  of  reaction  of  lampblack 
briquettes  with  oxygen  indicated  that  the  latter  process  is 
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slower.  This  fact  indicates  that  the  reaction  of  oxygen  with  car' 
bon  cannot  be  a  stage  in  the  chlorination  process. 

The  inconsistency  in  the  hypotheses  to  the  effect  that  the 
chlorination  process  passes  through  a  stage  in  which  titanium 
dioxide  is  reduced  results  from  the  following  circumstances. 

It  was  established  in  a  special  experiment  that  COg,  the 
basic  carbon-containing  chlorination  product  of  mixed  titanium 
dioxide  and  lampblack  briquettes,  is  formed  at  1*00°C  as  a  direct 
result  of  the  chlorination  reaction,  and  is  not  a  product  of  the 
secondary  reaction  2C0  -  C02  +  C.  During  chlorination  of  a  bed 
of  briquettes,  the  COg  partial  pressure  in  the  gas  current  is  of 
the  order  of  tenths  of  an  atmosphere.  Therefore,  as  a  thermody¬ 
namic  calculation  indicates,  intermediate  chlorination  products 
(TigOj  or  Ti^Og)  cannot  be  isolated  as  a  separate  phase.  If,  on 
the  other  hand,  TigO^  or  Ti^O^  is  present  in  the  form  of  a  solid 
solution  in  titanium  dioxide,  their  activity  in  this  solution 
may  not  exceed  the  equilibrium  activity 


(59) 


where  K  is  the  equilibrium  constant  of  the  reduction  reaction 
(56a)  or  (56b);  is  the  equilibrium  activity  of  TigO^  (Ti^) 


in  the  solid  solution  (the  activity  of  TiOg  in  this  solution  is 
assumed  equal  to  unity). 


If,  during  chlorination,  the  reduction  reaction  Is  catalyzed 
by  the  chlorine  or  by  chlorination  products  and  is  close  to  equi¬ 
librium  (the  rapid  stage),  the  rate  of  the  chlorination  process 
should  decline  with  diminishing  equilibrium  activity  of  the  TigO^ 
(Ti 3O5)  as  the  COg  concentration  in  the  gas  stream  rises.  How¬ 
ever,  experiments  conducted  in  the  kinetic  region  of  the  chlorina¬ 
tion  process  indicated  that  an  increase  in  the  carbon  dioxide  con¬ 
tent  In  the  gas  stream  from  10  to  80|  had  practically  no  effect  on 
chlorination  rate.  Consequently,  the  reduction  reaction  cannot  be 
the  rapid  stage  of  the  chlorination  process.  If,  however,  this 
stage  is  not  catalyzed  during  chlorination  and  is  far  from  equi¬ 
librium,  the  inhibiting  action  of  its  products  can  be  disregarded. 
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In  this  case,  the  observed  chlorination  rate  should  be  about  equal 
to  the  rate  of  the  reduction  reaction  in  the  forward  direction. 

But  the  latter,  even  at  temperatures  around  1000° C,  is  much  lower 
than  the  observed  rate  of  the  chlorination  reaction  at  4oo°C. 
Hence  the  chlorination  mechanism  involving  a  reduction  stage  is 
not  confirmed. 

The  authors  of  [52]  cite  the  following  facts  in  support  of 
passage  of  chlorination  through  a  stage  in  which  phosgene  is 
formed : 

a)  the  activation  energies  for  chlorination  of  rutile  by 
phosgene  (*v>22  kcal/mole)  and  chlorine  in  the  presence  of  carbon 
are  closely  similar; 

b)  the  rates  of  chlorination  of  pyrochlore  by  chlorine  in 
the  presence  of  carbon  and  of  niobium  pentoxide  by  phosgene  at 
320°C  are  approximately  equal. 

Bergholm  [14]  offers  a  critique  of  the  mechanism  in  which 
phosgene  acts  as  a  chlorinating  agent  in  the  process.  He  remarks 
that,  as  was  established  by  Dunn  [16],  the  reaction  rate  vs. 
temperature  curve  for  the  chlorination  of  rutile  by  phosgene  has 
a  minimum  resulting  from  thermal  dissociation  of  the  phosgene. 

In  chlorination  by  chlorine  in  the  presence  of  carbon,  on 
the  other  hand,  this  curve  does  not  have  the  minimum,  and  there¬ 
fore  Indicates  a  different  mechanism  for  the  process. 

Moreover,  Bergholm  showed  In  his  own  experiments  that  the 
addition  of  carbon  monoxide  to  chlorine  at  600° C  has  no  influ¬ 
ence  on  the  rate  of  chlorination  despite  the  fact  that  the  phos¬ 
gene  concentration  in  the  chlorinator  should  be  higher  in  this 
case  as  a  result  of  the  reaction 

COf  Cit-COCI*.  (57) 

The  authors  secured  supplementary  data  to  test  this  variant 
of  the  chlorination  mechanism.  It  was  shown  that  the  rate  of 
phosgene  chlorination  of  briquettes  made  from  mixed  titanium  dio¬ 
xide  and  carbon,  referred  to  unit  mass  of  chlorinated  dioxide,  is 
lower  than  in  chlorination  of  the  same  briquettes  by  chlorine  at 
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4l8-456°C  (the  kinetic  region).  These  results  also  indicate  the 
inconsistency  of  this  mechanism  for  chlorination  of  titanium  by 
phosgene,  since  the  rate  of  the  overall  process  (chlorination 
by  chlorine  in  the  presence  of  carbon)  cannot  exceed  the  rate  of 
any  single  stage  (chlorination  by  phosgene). 

A  number  of  authors  have  studied  the  kinetics  of  the  chlori¬ 
nation  of  titanium  slags  and  titanium  dioxide.  V.A.  Reznichenko 
and  V.P.  Solomakha  established  that  at  700° C,  the  rate  of  chlori¬ 
nation  of  briquettes  made  from  mixed  titanium  dioxide  and  carbon 
is  determined  principally  by  the  rates  of  diffusion  processes  [7, 
page  115].  At  this  temperature,  in  their  opinion,  the  best  way3 
to  step  up  the  chlorination  process  would  be  to  raise  the  velocity 
of  the  gas  stream  and  Increase  the  exposed  surface  area  of  the 
particles  to  be  chlorinated.  In  a  study  of  the  chlorination  kin¬ 
etics  of  a  mixture  of  titanium  dioxide  and  carbon  powders  sus¬ 
pended  in  fused  chlorides,  Kim  Meng  Ring  and  B.P.  Kelent'yev  found 
that  the  optimum  chlorination  temperature  was  about  900°C.  Below 
800° C,  the  reaction  rate  drops  sharply  in  accordance  with  the 
11.1-kcal  activation-energy  value  [7*  page  120].  The  authors  as¬ 
sume  that  the  melt  is  merely  an  inert  medium  for  the  process  and 
that  its  components  do  not  participate  in  the  chlorination  reac¬ 
tion.  However,  A.B.  Bezukladnikov  and  Ya.Ye.  Vil’nyanskiy  [7, 
page  135]  showed  that  the  chlorination  rate  of  titanium  dioxide 
is  several  times  higher  when  small  amounts  of  iron  and  aluminum 
chlorides  are  added  to  fused  carnallite.  In  chlorination  of  ti¬ 
tanium  dioxide  in  pure  fused  carnallite,  the  chlorination' process 
is  characterized  by  an  activation  energy  of  11.2  kcal/mole  right 
up  to  900° C.  The  addition  of  2*  ferric  chloride  to  the  carnallite 
transfers  the  chlorination  process  into  the  diffusion  region  at  a 
temperature  of  about  680°C  (activation  energy  ,v0.7  kcal/mole).  In 
a  study  of  the  chlorination  kinetics  of  titanium  slags  in  fused 
chlorides,  P.P.  Khomyakov  found  that  increasing  the  PeO  and  CaO 
contents  in  the  titanium  slags  to  10  and  61,  respectively,  gives 
a  substantial  increase  in  the  rate  of  the  process.  Increasing 
the  PeCl2  content  in  the  melt  to  11-12*  produces  the  same  rest 
The  process  rate  is  adversely  influenced  by  Increasing  the  CaCl2 
content  in  the  melt  to  10*.  The  optimum  KCl-MgCl2  ratio  in  the 
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melt  is  closely  similar  to  their  proportions  in  natural  carnallite 

[31]-  of  th< 

In  a  study  of  the  chlorination  of  titanium  monoxide,  A.N. 

Zellkman  and  T,  Segarchanu  [53]  established  that,  in  contrast  to  depem 

*  is  (J0  j 

the  dioxide,  it  chlorinates  quite  rapidly  at  300°C  without  carbon. 

In  ‘he  400-700°C  temperature  range,  the  maximum  degree  of  chlori-  eri ie; 

nation  of  the  titanium  is  50?,  because  the  reaction  takes  the 
course  of  Eq.  (51).  The  authors  established  that,  in  the  presence 

of  carbon  at  500°C,  titanium  monoxide  is  37?  chlorinated,  while  S  Se>  ’ 

on  wh  J 

the  maximum  chlorination  of  titanium  dioxide  under  the  same  condi¬ 
tions  does  not  exceed  50?.  The  explanation  offered  by  the  authors  inS  11 

tilS  !*£ 

for  this  result  is  that  the  monoxide  chlorination  process  passes 

through  a  stage  in  which  titanium  dioxide  is  formed.  This  dioxide  ' 

Is  chemically  active  and  practically  all  of  it  is  chlorinated  in  oxides 

the  presence  of  carbon  at  500°C.  V.A.  Reznichenko  and  V.P.  Solo-  spondj 

roakha  [45],  who  studied  the  chlorination  of  titanium  monoxide,  ess. 

confirmed  the  research  results  of  A.L.  Zelikman  and  T.  Segarchanu  the  c* 

that  were  set  forth  above  as  to  the  influence  of  temperature  on  amount 

the  relative  chlorination  rates  of  TiO  and  Ti02-  Like  those  ties  c 

authors,  they  conclude  that  the  chlorination  of  titanium  monoxide  t0  t*1* 

id  the  presence  of  carbon  proceeds  via  the  formation  of  Ti02  as  an  outer 

intermediate  product.  As  we  noted,  they  established  the  Interest-  j 

ing  fact  that  the  C0/C02  ratio  In  the  exhaust  gases  at  tempera-  chlori 

ture3  up  to  800°C  is  higher  In  the  chlorination  of  titanium  monox-  tals  1 

ide  in  the  presence  of  carbon  than  in  the  chlorination  of  the  taking 

dioxide.  of  adv 

In  another  3tuuy,  V.A.  Reznichenko  and  V.P.  Solomakha  [7,  °f  *:h€ 

page  102]  studied  the  chlorination  of  titanium  slags  with  various  chlori 

contents  of  lower  titanium  oxides .  The  authors  concluded  that  the 
presence  of  the  lower  oxides  lowers  the  chlorination  rates  of  the 

titanium  slags  and  raises  the  carbon  monoxide  content  in  the  ex-  where 

haust  gases.  On  the  other  hand,  the  presence  of  calcium  and  mag-  of  dis 

nesium  oxides  accelerates  slag  chlorination.  However,  it  had  been  ^ 

established  earlier  [53]  that  the  chlorination  rate  of  titanium  kcal/n 

oxide  in  the  presence  of  carbon  Is  higher  at  low  temperatures  than 

*  / 

the  chlorination  rate  of  the  dioxide.  At  high  temperatures  (in 

pyrocb 
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the  diffusion  region),  on  the  other  hand,  the  chlorination  rates 
of  these  oxides  should  be  determined  by  the  diffusion  rate  of 
chlorine  to  the  unreacted  briquette  surface.  This  rate  does  not 
depend  on  the  chemical  properties  of  the  chlorinating  agent,  and 
is  determined  by  geometrical  relationships  and  the  physical  prop¬ 
erties  of  the  gas  stream  and  the  chlorination  residue  surrounding 
the  reaction  zone.  For  this  reason,  the  authors'  conclusion  to 
the  effect  that  the  lower  oxides  have  a  detrimental  influence  on 
slag  chlorination  rate  appears  doubtful.  The  experimental  data 
on  which  this  conclusion  was  based  cannot  be  regarded  as  indicat¬ 
ing  it  without  ambiquity,  since  the  paper  gives  no  information  on 
the  reproducibility  error  of  the  experimental  results. 

We  should  accordingly  expect  the  presence  of  lower  titanium 
oxides  to  activate  chlorination  at  the  low  temperatures  corre¬ 
sponding  to  the  kinetic  or  internal-diffusion  region  of  the  proc¬ 
ess.  At  high  temperatures  (external  diffusion  region),  however, 
the  chlorination  rates  of  titanium  slags  containing  various 
amounts  of  the  lower  oxides  would  be  determined  by  the  proper¬ 
ties  of  the  chlorination  residue,  through  which  chlorine  diffuses 
to  the  reaction  zone,  or  by  the  rate  of  chlorine  arrival  at  the 
outer  surface  of  the  briquette. 


S.I,.  Stefanyuk  and  I.S.  Morozov  [52]  established  that  the 
chlorination  of  loparite,  zircon,  euxenite,  and  pyrochlore  crys¬ 
tals  in  the  presence  of  carbon  at  550-1080°C  may  be  regarded  as 
taking  place  on  the  geometric  surface  of  the  crystal.  The  rates 
of  advance  of  all  points  of  the  reaction  front  toward  the  center 
of  the  crystal  are  the  same,  do  not  depend  on  the  degree  of  its 
chlorination,  and  are  subject  to  the  Arrhenius  equation: 

<60> 

where  e  is  the  activation  energy  of  the  process  and  kr  is  the  rate 
of  displacement  of  the  reaction  front. 

The  minerals  listed  above  have  e  ranging  from  23*3  to  25.8 
kcal/raole  and  widely  varying  multipliers  before  the  exponential. 

After  studying  the  chlorination  kinetics  of  loparite  and 
pyrochlore,  the  same  authors  [553  established  that  the  chlorination 
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of  a  spherical  briquette  made  from  a  mixture  of  concentrate  with 
carbon  localizes  in  a  narrow  zone  in  the  diffusion  region  of  the 
chlorination  process.  The  rate  at  which  this  zone  moves  toward 
the  center  as  the  briquette  is  chlorinated  does  not  remain  con¬ 
stant.  As  a  time  function,  the  depth  of  the  chlorinated  zone  is 
described  by  the  empirical  equation 

(61) 

where  x  is  the  depth  of  the  chlorinated  zone,  k  and  m  are  con¬ 
stants,  and  t  is  the  time  elapsed  from  the  start  of  chlorination. 

The  order  of  the  chlorination  reaction  with  respect  to  chlo¬ 
rine  if  fractional  (0.5  for  loparite  concentrate  and  0.8  for  the 
pyrochlore  concentrate).  The  authors  suggest  the  following  for¬ 
mula  for  rough  calculation  of  briquette-chlorination  depth  for 
a  mixture  of  loparite  concentrate  and  carbon: 

where  Z  is  the  depth  of  the  chlorination  zone,  n  is  the  specific 
productivity  of  the  chlorinator,  RQ  is  the  briquette  initial  rad¬ 
ius,  and  Yq  is  the  density  of  the  briquette. 

However,  Formula  (62)  does  not  reflect  the  influence  exerted 
on  the  chlorination  process  by  such  factors  as  the  chlorine  con¬ 
tents  in  the  supply  and  exhaust  gases,  the  rates  of  motion  of  the 
briquettes  and  the  chlorine  in  the  chlorinator ,  the  manner  in 
which  they  move  (forward  or  countercurrent),  or  the  degree  of 
chlorination  of  the  concentrate  at  the  exit  from  the  reaction  zone. 

We  studied  the  low-temperature  chlorination  rates  of  3mall 
briquettes  made  from  a  mixture  of  titanium  dioxide  with  lampblack. 

A  40*  sugar  solution  was  used  as  a  binder.  It  was  shown  that  chlo¬ 
rination  proceeds  uniformly  throughout  the  entire  volume  of  the 
briquette.  The  chlorination  rate  is  proportional  throughout  the 
entire  process  to  the  "active  mass"  of  the  briquette,  and  is  ex¬ 
pressed  by  the  equation 

(63) 
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where  w'  is  the  instantaneous  chlorination  rate  of  the  titanium 
dioxide  throughout  the  volume  of  the  briquette,  xtt  is  the  amount 
of  titanium  dioxide  that  has  been  chlorinated  when  the  process 
has  come  to  a  complete  stop  (for  an  unlimited  time  of  the  experi¬ 
ment),  xt  is  the  amount  of  titanium  dioxide  that  has  been  chlori¬ 
nated  at  time  £,  and  k”  is  a  coefficient  that  does  not  depend  on 
the  degree  of  chlorination  of  the  briquette  and  is  of  the  nature 
of  a  rate  constant. 


Integration  of  this  equation  yields 

The  experimental  data  are  presented  in  Figs.  26  and  27. 


(64) 


Figure  26.  Amount  of  chlo¬ 
rinated  titanium  dioxide  as 
a  function  of  time  and  tem¬ 
perature  . 


Figure  27.  Chlorination  of 
a  briquette  made  from  a 
mixture  of  titanium  dioxide 
and  carbon  in  the  kinetic 
region. 


As  we  see  from  Fig.  27,  this  last  equation  agrees  satisfac¬ 
torily  with  experiment  up  to  458°C. 

The  chlorination  reaction  Is  a  heterogeneous  process.  Its 
rate  should  be  proportional  to  the  particle  surface  area  on  which 
the  reaction  unfolds.  But  for  a  porous  briquette  in  the  absence 
of  diffusion  retardation  in  the  pores  between  particles,  this  area 
is  proportional  to  the  volume  of  the  briquette  and,  consequently, 
to  Its  mass.  This  explains  the  proportionality  noted  earlier  be¬ 
tween  chlorination  rate  and  briquette  mass.  On  this  basis,  the 


FTD-HC-2 3- 352-69 


166 


for  chlorination  rate  can  be  rewritten 

w*  -  V  (x*  -  * Si  (x„  -  xt\  (55) 

where  is  the  total  area  of  the  pores  in  the  briquette  per  unit 
briquette  mass  at  time  zero. 

Relating  the  reaction  rate  to  briquette  unit  volume,  we  ob¬ 
tain 


te 


k'S*  (*»-*!>. 


-fi¬ 

fe 


(66) 


where  xQ  is  the  mass  of  the  briquette  before  the  start  of  chlori¬ 
nation  and  p0  is  the  density  of  the  briquette. 

If  the  proportions  of  titanium  dioxide  and  carbon  in  the- 
briquette  are  near  stoichiometric,  the  proportions  of  the  compo¬ 
nents  does  not  change  in  the  course  of  the  reaction,  and  the  mass 
of  the  briquette  is  proportional  to  the  amount  of  titanium  dioxide 
present  in  it.  Therefore, 


where  SQ  is  the  total  initial  surface  area  of  the  pores  in  the 
briquette  per  unit  briquette  volunv.-,  em  is  the  maximum  degree  of 
chlorination  of  the  titanium  dioxide,  and  e  is  the  degree  of 
chlorination  of  the  titanium  dioxide  at  the  particular  point  in 
time. 


We  have  e„  ■  const  at  a  given  carbon  content  in  the  briquette 
and  constant  temperature.  Further  studies  showed  that  the  initial 
expression  for  the  rate  of  the  process  also  remains  valid  for 
chlorination  of  uncoked  briquettes  prepared  by  pressing  titanium 
dioxide  powder  with  lampblack  without  the  addition  of  a  binder. 

In  this  case,  however,  chlorination  proceeds  apace  at  a  higher 
temperature.  This  is  because  of  the  higher  chemical  activity  of 
the  carbon  formed  on  thermal  decomposition  of  the  sugar  in  the 
coking  process  as  compared  with  lampblack. 

It  was  also  found  that  chlorination  rate  is  proportional  to 
about  the  0.5  power  of  chlorine  concentration  in  the  gas  stream. 
Thus,  we  have  finally 
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where  C 


is  the  chlorine  concentration  in  the  pores  between  par¬ 


ticles.  In  the  absence  of  diffusion  retardation,  it  is  practi¬ 
cally  equal  to  the  chlorine  concentration  in  the  gas  stream.  With 
these  data  as  a  basis,  let  us  scrutinize  the  chlorination  kinetics 
of  briquettes  made  from  a  mixture  of  titanium  cc  .centrate  with 
carbon.  Chlorination  of  briquettes  is  a  complex  heterogeneous 
process  that  passes  through  the  following  principal  stages: 

a)  convective  diffusion  of  chlorine  to  the  outer  surface  of 
the  briquette; 

b)  molecular  diffusion  of  chlorine  into  the  briquette  through 
the  pores  between  particles; 

c)  chemical  reaction  between  the  chlorine,  the  titanium  con¬ 
centrate,  and  the  carbon. 

The  first  process  is  governed  by  molecular  diffusion  of  the 
chlorine  and  its  transport  to  the  briquette  surface  as  a  result  of 
motion  of  the  gases  in  the  chlorinator.  As  a  rule,  it  is  still 
impossible  to  calculate  the  theoretical  chlorine  flow  to  the  outer 
surface  of  the  briquette  a3  it  is  governed  by  these  two  transport 
mechanisms.  It  is  therefore  advisable  to  use  empirical  relation¬ 
ships  obtained  by  dimensional  analysis. 

Let  us  Isolate  all  quantities  that  control  the  rate  of  supply 
of  chlorine  from  the  gas  stream  to  the  outer  surface  of  the  bri¬ 
quette,  all  zones  oc  which  will  be  considered  equally  ccessible 
by  diffusion.  We  shall  characterize  the  rate  of  chlorine  supply 
by  the  mass-transport  coefficient  8  (8  is  the  amount  of  chlorine 
arriving  at  a  unit  surface  area  of  the  briquette  from  the  gas 
stream  per  unit  time  at  unit  chlorine-concentration  difference 
between  the  main  gas  flow  and  the  briquette  surface).  In  the 
steady  state,  therefore,  the  flow  of  chlorine  to  the  outer  surface 
of  the  briquette  will  be  expressed  by  the  equation 

n-p<er-cys*  <68) 

where  C  and  C„  are  the  chlorine  concentrations  in  the  gas  stream 
g  0 
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and  on  the  briquette  outer  surface,  respectively,  and  £Q  is  the 
outer-surface  area  of  the  briquette. 

Obviously,  the  mass-transport  coefficient  depends  on  the 
average  velocity  v  of  the  gas  flow  in  a  cross  section  of  the 
chlorinator,  on  the  briquette  size  d,  on  the  diffusion  coeffi¬ 
cient  D  of  the  chlorine,  and  gas  density  p,  and  the  viscosity  n 
of  the  gas: 

()-/(»,  rf,  D,t|,  p).  (69) 

The  total  number  of  quantities  related  by  this  equation  is  6.  We 
can  easily  satisfy  ourselves  that  3  of  them  have  independent  di¬ 
mensions.  According  to  the  ir  theorem,  therefore,  the  relationship 
among  them  can  be  represented  in  the  form  of  a  relationship  link¬ 
ing  three  dimensionless  combinations  composed  of  these  six  quan¬ 
tities:  *3)*  In  principle,  any  dimensionless  combina¬ 

tions  written  independently  of  one  another  may  be  used.  In  thi3 
case,  however,  it  is  advantageous  to  use  the  combinations 

a, »•  Rt «■  ■— :  s, ■* Pf 

The  first  of  these  is  the  Nusselt  number,  the  second  tht  Reynolds 
number,  and  the  third  the  Prandtl  number. 

Consequently,  Nu  -  F(Re,  Pr).  Since  Pr  «  1  for  ideal  gases, 
we  have  Nu  *  F(Re).  Having  determined  the  form  of  this  relation¬ 
ship  from  experimental  data,  we  can  calculate  8  *  NuD/d  and  the 
chlorine  flow  to  the  briquette  outer  surface 

(70) 

The  chlorine  molecules  diffuse  through  pores  from  the  outer 
surface  into  the  interior  of  the  briquette.  The  diffusion  process 
is  accompanied  by  chemical  reaction,  with  the  result  that  a  chlo¬ 
rination  zone  with  a  certain  extent  into  the  depth  of  the  bri¬ 
quette  is  formed.  With  time,  the  chlorination  zone  moves  away 
from  the  outer  surface  toward  the  center  of  the  briquette.  Its 
place  is  taken  by  an  unchlorinated  "cinder"  zone  that  does  not 
react  with  the  chlorine.  To  evaluate  the  extent  0.'  the  chlorina¬ 
tion  zone  into  the  depth  of  the  briquette  for  various  conditions 
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of  the  process,  we  shall  call  upon  the  results  of  Ya.D.  Zel'dovich 
[11],  who  analyzed  diffusion  in  pores  that  is  accompanied  by  chem¬ 
ical  reaction.  Although  the  chemical  reaction  takes  place  on  the 
surface  of  the  titanium-concentrate  and  carbon  particles,  it3  rate 
can  be  related  to  a  unit  volume  of  the  briquette  by  regarding  the 
briquette  as  a  homogeneous  solid. 

In  this  case,  we  can  write  the  following  chlorine  mass  bal¬ 
ance  equation  for  an  infinitesimally  small  volume  of  the  chlori¬ 
nation  zone  in  the  neighborhood  of  the  point  under  consideration: 

-S.-D’AC-*.  (71) 

If,  in  accordance  with  the  above,  we  take  t. — «)C".  we  have 


-J.-0-AC «)C*  (72) 

where  C  is  the  chlorine  concentration  at  the  particular  point  in 
the  briquette,  t  is  time,  A  is  the  Laplacian  operator,  n  is  the 
order  of  the  reaction  with  respect  to  the  chlorine,  and  D'  is  the 
effective  coefficient  of  chlorine  diffusion  in  the  briquette, 
which  is  assumed  constant. 

Considering  that  the  rate  of  accumulation  of  chlorine  at  the 
particular  point  is  negligibly  small  by  comparison  with  the  reac¬ 
tion  rate,  we  obtain 

•£--*0«nd  D’AC*hS${<im-t)C*;  (73) 

If  the  dimensions  of  the  briquette  are  very  large  by  compari¬ 
son  with  the  depth  of  the  chlorination  zone,  the  chlorination- 
r  2  2 
zone  layer  may  be  assumed  planar.  In  this  case,  AC  ■  d  C/dx  , 

where  x  is  the  distance  of  the  particular  point  from  the  outer 
surface  of  the  briquette. 

At  time  zein,  e  «  0  for  chlorination  of  a  "fresh"  briquette. 
At  x  *  -,  C  -  0  and  dC/dx  ■  0.  With  these  conditions,  integration 
of  (73)  yields 
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1 


l/‘V» 

f  "7F"  for it  ■*  1.  (76) 

For  a  briquette  made  from  a  mixture  of  titanium  dioxide  with 
lampblack,  n  *  0.5,  and  the  chlorination-zone  depth  is  determined 
by  Expression  (75)-  The  chlorine  concentration  becomes  zero  at  a 

distance  of  *»>» 2Y$.  i/  —  •  — — — r-  from  the  briquette  outer  surface, 

■  V  MlW 

i.e.,  the  chlorination  zone  is  of  finite  extent.  If  n  >  1,  the 
chlorine  concentration  vanishes  only  at  x  »  ».  For  n  *  1,  the 
chlorine  concentration  diminishes  by  a  factor  of  e  as  the  distance 
from  the  briquette  outer  surface  increases  by  an  amount  »  /  — . 


It  is  convenient  to  take  L > 


as  the  unit  of  measurement 


*  ”  v***v»»w  WW  \f  C  .1  I  WUC  Ui  la  V  \J  L  IIK-aOUi  ClltWliV 

for  distance  from  the  briquette  outer  surface.  In  practice,  the 
chlorine  concentration  will  be  negligibly  low  at  x  =  3L  by  com¬ 
parison  by  its  concentration  at  the  briquette  outer  surface.  If 
the  briquette  size  greatly  exceeds  this  length,  the  chlorination- 
zone  layer  may  be  regarded  as  planar  and  the  relationships  derived 
above  can  be  used  for  briquettes  of  arbitrary  shape.  For  low 
enough  temperatures,  the  depth  of  the  chlorination  zone  far  ex¬ 
ceeds  the  briquette  radius:  L  »  r.  In  this  case,  the  chlorine 
concentration  will  be  practically  uniform  throughout  the  volume 
of  the  briquette,  and  the  rate  of  the  chlorination  process  will  be 
proportional  to  briquette  volume.  With  rising  temperature,  the 
rate  constant  of  the  chemical  reaction  will  rise  much  more  rapidly 
than  the  diffusion  coefficient.  L  will  therefore  become  smaller. 
Consequently,  the  finer  the  briquettes,  other  conditions  the  same, 
the  higher  will  be  the  temperature  at  which  the  chlorination  proc¬ 
ess  still  takes  place  throughout  the  entire  volume  of  the  bri¬ 
quette  (the  kinetic  region).  The  influence  of  diffusion  retarda¬ 
tion  on  chlorination  rate  begins  to  make  itself  felt  only  after 
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the  depth  of  the  chlorination  zone  has  become  of  the  order  of  the 
briquette  radius.  With  further  temperature  increase,  the  extent 
(75)  of  the  reaction  zone  will  continue  to  diminish. 


(76) 
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When  the  chlorination-zone  depth  has  become  much  smalle.  than 
the  briquette  radius,  but  is  still  much  larger  than  the  radius  of 
the  briquette's  pores,  the  chlorination  process  will  follow  Eqs. 
(74)  and  (75)  or  (76)  in  the  internal-diffusion  region. 

The  reaction  rate  will  then  be  proportional  to  the  external 
surface  area  of  the  briquette. 

The  amount  of  chlorine  that  reacts  in  the  briquette  per  unit 
time  under  steady-state  conditions  equals  the  total  chlorine  flow 
across  the  outer  surface  of  the  briquette: 

n— B’(f)-*'  <77> 


Substituting  the  value  of  dC/dx  from  Eq.  (74)  into  this  expres¬ 
sion,  we  get 

n  -  xc^X  (78) 

If  the  process  is  not  limited  to  the  stage  of  external  mass 
transport,  the  chlorine  concentration  at  the  briquette  outer  sur¬ 
face  will  be  approximately  equal  to  the 'chlorine  concentration  in 
the  gas  stream.  This  last  value  is  practically  independent  of 
temperature,  and  X  may  be  regarded  as  the  effective  rate  constant 
of  the  process.  Then,  disregarding  the  dependence  of  em  on  tem¬ 
perature,  we  obtain  according  to  the  Arrhenius  equation 


rflnX  _  M 
4T  “  KT* 


J_  rfdnX  +  hiP't 

S  *  rfT 


(79) 


where  E  is  the  observed  process  activation  energy,  Er  is  the  acti 
vation  energy  of  the  chemical  reaction,  and  E^  i3  the  activation 
energy  of  diffusion.  Hence 


(80) 


i.e.,  the  activation  energy  of  the  process  in  the  internal-diffu¬ 
sion  region  is  in  practice  half  the  activation  energy  of  the 
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chemical  reaction 

If  the  temperature  continues  to  rise,  the  depth  of  the  chlo¬ 
rination  zone  will  diminish  until  it  is  of  the  order  of  the  bri¬ 
quette  pore  diameter,  and  there  will  be  no  further  narrowing  of 
the  reaction  zone  thereafter.  Chlorination  will  proceed  in  a 
thin  layer  Just  below  the  briquette  outer  surface,  and  the  above 
equations  will  cease  to  apply.  Beyond  that  point,  the  manner  in 
which  chlorination  rate  depends  on  temperature  will  be  determined 
by  the  relation  between  the  external  mass  transport  coefficient 
and  the  chemical-reaction  rate  constant  k^  referred  to  a  unit  ex¬ 
ternal  surface  area  of  the  briquette.  If  the  chlorina¬ 

tion  of  the  briquette  will  again  shift  into  the  kinetic  region. 

The  process  activation  energy  will  then  again  become  equal  to  the 
chemical  reaction  activation  energy  E  .  If  ,  the  process 

is  transferred  into  the  external-diffusion  region.  If  p  <£—  i 
rising  temperature  will  throw  the  chlorination  process  into  the 
external-diffusion  region  directly  from  the  kinetic  region,  with¬ 
out  passing  through  the  internal-diffusion  region  with  activa¬ 
tion  energy  Er/2. 

This  effect  should  arise  in  chlorination  of  briquettes  in  an 
industrial  chlorinator  if  the  chlorination  zone  envelopes  the  cin¬ 
der  layer,  which  offers  substantial  resistance  to  diffusion. 

Let  us  consider  the  case  in  which  the  chlorination  reaction 
takes  place  in  a  narrow  zone  at  the  outer  surface  of  the  unchlori¬ 
nated  part  of  the  briquette.  Let  the  rate  of  the  process  be 
limited  by  the  stage  in  which  chlorine  is  brought  up  to  the  bri¬ 
quette  outer  surface  and  the  3tage  of  diffusion  of  the  chlorine 
through  a  cinder  layer  enveloping  the  unchlorinated  part  of  the 
briquette.  If  the  briquette  outer  surface  is  uniformly  accessi¬ 
ble,  the  cinder  is  physically  homogeneous,  and  its  formation  does 
not  change  the  total  volume  of  the  briquette,  we  have  the  differ¬ 
ential  equation  D"AC  -  0,  where  D"  is  the  effective  coefficient  of 
diffusion  of  chlorine  through  the  cinder  layer,  in  3teady-state 
chlorination  for  any  point  of  the  "cinder"  zone  instead  of  Eq. 
(73).  Integration  of  this  equation  for  a  spherical  briquette  with 
consideration  of  the  conditions  formulated  above  and  equality  of 
Footnote  (1)  appears  on  page  190. 
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the  convective  chlorine  flow  to  the  briquette  outer  surface  to 
the  diffusive  flow  of  chlorine  from  this  surface  across  the  cinder 
layer  gives  the  following  relationship  for  the  radius  of  the  un¬ 
chlorinated  part  of  the  briquette  as  a  function  of  time: 

<«> 

where  t  is  the  chlorination  time,  r^  is  the  radius  of  the  bri¬ 
quette,  x  is  the  ratio  of  the  radius  of  the  unchlorinated  part  of 
the  briquette  to  the  radius  of  the  briquette,  v  is  a  coefficient 
that  establishes  the  relation  between  the  amounts  of  chlorinated 
concentrate  and  reacted  chlorine  and  can  be  determined  from  the 
stoichiometric  coefficients  of  the  chlorination-reaction  equations 
of  the  concentrate  components ,  and  Pq  is  the  content  of  concen¬ 
trate  per  unit  volume  of  the  unchlorinated  part  of  the  briquette. 

It  was  assumed  in  integrating  the  differential  equations 
given  above  that  the  temperature  of  the  briquette  is  constant 
throughout  its  mas3  and  equal  to  the  temperature  of  the  gas  stream. 
This  condition  is  not  ordinarily  met  in  reality  because  of  the 
exothermic  nature  of  the  chlorination  reaction  of  titanium,  con¬ 
centrate.  However,  when  small  briquettes  are  chlorinated  in  the 
low-temperature  range  (kinetic  region),  in  which  case  the  reaction 
rate  is  very  low,  the  heat  liberated  can  dissipate,  and  this  con¬ 
dition  may  therefore  be  regarded  as  approximately  valid.  If  chlo¬ 
rination  takes  place  in  the  diffusion  region,  the  difference  be¬ 
tween  the  temperatures  at  different  points  in  the  briquette  and 
the  gas  stream  may  be  quite  substantial.  However,  it  appears  that 
this  circumstance  is  not  an  important  factor,  since  the  values  of 
g  and  D",  which  determine  the  rate  of  the  reaction  in  the  diffu¬ 
sion  region,  depend  little  on  temperature.  We  have  also  disre¬ 
garded  the  possible  influence  of  Stefan  flow  and  thermal  diffusion 
on  the  kinetics  of  the  process  in  the  diffusion  region. 

Methods  of  Producing  Titanium  Tetrachloride 

Several  methods  for  the  production  of  titanium  tetrachloride 
are  now  known.  However,  the  acknowledged  industrial  methods  are 
chlorination  of  briquettes  consisting  of  a  mixture  of  titanium 


17^ 
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slag  or  concentrate  coke  and  chlorination  of  a  mixture  of 

powdered  slag  or  concentrate  and  coke  suspended  in  a  chloride 
melt. 


Among  the  methods  that  have  not  yet  come  into  extensive  in¬ 
dustrial  use,  we  should  note  first  of  all  fluidized-bed  chlorina¬ 
tion.  This  is  a  highly  productive  process.  However,  its  applica¬ 
tion  for  chlorination  of  titanium  slags  encounters  serious  diffi¬ 
culties.  Formation  of  the  high-boiling  fusable  chlorides  CaC^, 
MgClg,  NaCl,  and  others  causes  the  particles  of  the  charge  to 
stick  together,  and  this  disrupts  the  fluidized  bed.  This,  in 
turn,  disturbs  the  operation  of  the  equipment  and  forces  shutdown 
of  the  chlorination  process.  The  attempt  to  eliminate  melt  forma¬ 
tion  by  lowering  the  chlorination  temperature  to  600°C  and  below 
failed  because  chlorination  does  not  proceed  rapidly  enough  at 
these  temperatures  [32].  The  literature  makes  reference  to  the 

possibility  of  binding  the  calcium  oxide  into  an  infusable  phos- 

(2) 

phate  with  the  aid  of  titanium  phosphate.'  Another  countermeasure 
against  coalescence  of  the  fluidized  particles  of  the  charge  is  to 
raise  the  chlorination  temperature  to  1300°Cp^  The  alkali-  and 
alkaline-earth-metal  chlorides  are  then  driven  out  of  the  chlorl- 
nator  in  vapor  form. 

Overheating  in  certain  parts  of  the  reaction  zone  has  some¬ 
times  been  observed  during  processing  of  concentrates  with  high 
titanium  contents.  To  disperse  the  liberated  heat  throughout  the 
volume  of  the  chlorinator,  chlorination  is  sometimes  carried  out 
in  the  presence  of  particles  of  an  inert  substance  that  lowers  the 
reaction-zone  concentration  of  the  material  to  be  chlorinated. 

In  a  variety  of  fluidized-bed  chlorination  of  titanium  .aw 
material,  the  bed  is  used  to  produce  a  rutile  concentrate  from  il- 
menite.  The  reactor  has  two  stages.  In  the  first  stage,  the  il- 
menite  is  oxidized  and  the  ?e0  is  converted  to  Fe20j  to  prevent 
the  formation  of  FeClg  during  chlorination.  The  ferric  oxide  is 
chlorinated  in  the  second  stage.  The  chlorination  product,  ti¬ 
tanium  dioxide,  is  obtained  in  the  rutile  form  [33]*  Natural  ru¬ 
tile  and  titanium  dioxide  chlorinate  well  in  the  fluidized  bed. 

Footnotes  (2)  and  (3)  appear  on  page  190. 
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Interest  attaches  to  chlorination  of  titanium  dioxide  in  a 
midi zed  bed  of  small  porcelain  balls  of  known  granulometric 
composition.  This  bed  is  fed  with  a  charge  of  TiO?  and  coke  to¬ 
gether  with  the  chlorine  in  a  fuming  process,  or  with  titanium 
dioxide  and  a  mixture  of  chlorine  and  carbon  monoxide,  me  inert 
granulated  bed  reduces  dusting  substantially.  The  method  can 
therefore  be  used  to  chlorinate  extremely  fine-grained  materials 
without  first  granulating  them  [3*1]. 

A  method  that  may  eventually  become  attractive  is  fluidized- 
bed  chlorination  of  rutile  concentrates,  which  contain,  depending 
on  the  concentration  method,  either  45-551  T10  (flotation  concen¬ 
trate)  or  805  Ti02  (autoclave  concentrate)  and,  respectively,  35- 
40  and  3-4*  silicon  dioxide,  with  the  remainder  composed  basically 
of  and  Al^O^  impurities.  The  concentrates  do  not  contain 

substantial  amounts  of  the  impurities,  which  form  fusable  chlo¬ 
rides  . 

Chlorination  of  titanium-bearing  materials  (which  have  first 
been  concentrated  by  the  method  used  in  chlorination  of  titanium 
slags)  in  a  stationary  packing  or  inert  material  has  been  studied 
on  a  laboratory  scale  [16].  The  loose  charge  and  chlorine  are 
supplied  at  the  top  of  the  chlorinator.  A  grating  carrying  the 
packing  (quartz,  porcelain,  etc.)  is  provided  in  the  middle  of 
the  chlorinator.  The  stack  for  offtake  of  the  vapor-gas  mixture 
leaves  the  column  below  packing  level.  The  resulting  fusable 
reaction  products  drain  through  the  packing  and  accumulate  at  the 
bottom  of  the  chlorinator.  The  part  played  by  the  packing  in 
this  process  was  not  studied.  It  may  be  assumed  that  it  serves 
to  increase  the  surface  area  on  which  chlorination  develops. 

There  are  a  number  of  known  methods  for  chlorination  of  ti¬ 
tanium-containing  materials  using  carbon  monoxide  as  a  reducing 
agent  [35-373. 

A  mixture  of  chlorine  and  carbon  monoxide  was  used  as  a  chlo¬ 
rinating  reagent  in  fluldized-bed  chlorination  of  a  stationary 
layer  of  briquettes  and  powdered  titanium  concentrate.  The  author 
of  [16]  studied  the  possibility  of  using  phosgene  83  the  chlori¬ 
nating  agent.  Phosgene  is  a  more  active  cl  iorinating  agent  at 
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low  temperatures  than  the  mixture  of  CO  and  chlorine.  The  best 
results  are  obtained  with  phosgene  at  690°C.  As  the  temperature 
is  raised  further,  the  rate  of  chlorination  declines  because  of 
decomposition  of  the  phosgene.  The  worst  results  were  obtained 
at  840°C.  Above  840°C,  the  process  picks  up  again,  since  the 
chlorinating  agent  is  now  a  mixture  of  CO  and  Cl2  formed  by  the 
decomposing  phosgene. 

A  process  of  selective  chlorination  of  titanium  slag  with  a 

mixture  of  chlorine  and  hydrogen  chloride  for  the  production  of 

(4) 

high-titanium  concentrate  has  also  been  described. 

Methods  are  known  for  the  production  of  titanium  tetrachlo¬ 
ride  by  chlorination  of  the  carbidization  products  of  the  titan¬ 
ium  raw  material.  The  starting  raw  material  for  acquisition  of 
the  carbides  and  the.'r  subsequent  chlorination  may  be  ilmenite, 
titanium  slag,  rutile,  or  titanium  dioxide  t56,  57 3 Takimoto 
proposed  that  rutile  be  carbidized  at  1800°C  to  lower  the  chlo¬ 
rination  temperature  to  300° C  [41].  The  Electromet  company  ha3 
a  pilot  plant  at  which  ilmenite  concentrate  is  carbidized  in  a 
resistance  furnace.  The  resulting  titanium  oxycarbide  is  chlo¬ 
rinated  at  400°C  after  magnetic  separation  of  the  iron  to  produce 
titanium  tetrachloride  [54]. 


Chlorination  of  carbides  is  accompanied  by  liberation  of  a 
large  amount  of  heat.  This  process  advances  very  rapidly  even  at 
comparatively  low  temperatures,  and  does  not  requires  expenditure 
of  energy  in  heating  the  chlorinator. 


Metal  sulfides  react  quite  vigorously  with  chlorine.  The 
chlorination  reaction  of  MexS„  takes  place  at  high  rates  at  rela¬ 
tively  low  temperatures  (200-400°C). 


| 


W 


Here  the  ilmenite  concentrate  is  melted  to  a  matte  in  a  mix¬ 
ture  with  coke  and  pyrites.  Smelting  takes  place  at  1450-1500° C, 
i.e.,  at  a  temperature  somewhat  below  that  at  which  the  same  con¬ 
centrates  are  smelted  for  slag.  The  resulting  matte  is  chlori¬ 
nated  with  chlorine  at  750° C.  The  iron  chlorides  remain  In  the  re¬ 
action  zone,  while  the  tetrachloride  is  distilled  off  to  a  conden¬ 
sation  system. 

Footnotes  (4)  and  (5)  *PPear  on  page  * 
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Technology  of  Chlorination  in  an  Electric  Shaft  Furnace 

Figure  28  shows  a  flow  chart  of  shaft-furnace  chlorinaicn. 

The  process  begins  with  preparation  of  the  raw  material  for  chlo¬ 
rination.  To  ensure  uniform  distribution  of  the  gases  over  the 
chlorinator  cross  section  and  reduce  the  resistance  offered  by 
the  material  to  be  chlorinated  to  the  passage  of  the  gas  current, 
the  concentrate  is  mixed  with  carbon  and  briquetted.  The  titanium 
concentrate  is  first  ground  to  an  80Jt  content  of  the  minus  0.10  mm 
fraction,  and  the  petroleum  coke  to  an  80S  content  of  the  minus 
0.15  mm  fraction.  Grinding  is  necessary  to  increase  the  contact 
area  of  the  reagents  and  to  produce  sufficiently  strong  briquettes. 
The  ground  materials  are  mixed  with  a  binder  in  special  paddle 
mixers  [43,  44]. 


Figure  28.  Flow  chart  of  titanium  tetrachloride  produc¬ 
tion  by  chlorination  oC  titanium  slags  in  the  form  of 
a  briquetted  charge. 


The  binders  used  include  coal-tar  pitch,  tar,  concentrated 
sulfite-alcohol  residues,  etc.  The  amount  of  binder  is  selected 
as  a  function  of  the  specific  pressure  to  be  used  in  briquetting 
at  a  given  charge  granulometric  composition. 
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If  roller  presses  that  uevelop  a  pressure  of  300  kgf/cm2  are 
used  lor  briquetting,  the  pitch  content  should  be  7-85  of  charge 
mass  for  charges  preheated  to  90°C,  or  5-65  for  preheating  to 
100-110°C. 

If  briquetting  is  done  with  roller-ring  presses  developing  a 
pressure  of  1000  kgf/cm  , the  amount  of  binder  can  be  reduced  to 
2-35. 

When  sulfite-alcohol  residue  solution  (density  1.27  g/crn^)  is 
used  as  a  binder,  from  10  to  1*15  of  it  is  added  to  the  charge, 
depending  on  specific  pressing  pressure  [32]. 

The  raw  briquettes  are  dried  at  about  120°C  and  coked  to  re¬ 
move  volatile  substances,  whose  presence  in  the  briquettes  results 
in  waste  of  chlorine,  additional  losses  of  titanium  with  the  solid 
chlorides  dumped  from  the  condensation  system,  and  contamination 
of  the  technical  titanium  tetrachloride  by  organic  impurities. 

The  coking  temperature  depends  basically  on  the  type  of 
binder  added.  For  tar  and  pitch,  volatile  substances  are  elimi¬ 
nated  practically  completely  from  the  briquettes  at  800-850°C. 

If  sulfite-alcohol  residue  is  used  as  a  binder,  it  is  sufficient 
to  coke  at  500-600°C.  To  avoid  cracking  the  briquettes,  the 
temperature  should  be  raised  no  faster  than  100° C  per  hour  during 
the  coking  process. 

The  coking  time  is  usually  14  to  20  h.  Coking  can  be  carried 
out  in  intermittent  or  continuous  furnaces.  Furnaces  of  the 
former  type,  which  are  used  when  the  scale  of  production  is  modest, 
include  compartment  kilns  that  are  heated  by  burning  a  liquid  or 
gaseous  fuel  in  them.  The  continuous  types,  which  are  used  for 
production  on  larger  scales,  include  retort  and  tunnel  furnaces. 

A  normal  chlorination  process  in  a  shaft  furnace  requires 
that  the  briquettes  meet  certain  requirements,  and  namely:  their 
size  and  shape  must  be  strictly  uniform;  the  distribution  of  car¬ 
bon  through  the  volume  of  a  briquette  must  be  uniform;  the  bri¬ 
quette  must  have  adequate  strength;  the  strength  of  a  briquette 

o 

must  be  no  lower  than  120-100  kgf/cm“.  Otherwise,  the  briquettes 
will  break  up  a3  they  are  transported  and  loaded  into  the 
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A  recently  proposed  method  of  continuous  coking  by  burning 

natural  gas  in  the  bed  of  briquettes 
represents  a  further  development  of 
the  coking  process.  Air  is  also 
added  to  the  natural  gas  in  the 
amount  necessary  for  combustion  of 
the  volatile  hydrocarbons  liberated 
during  coking  [42].  The  basic  ad¬ 
vantages  of  this  method  are  its  con¬ 
tinuity  and  high  productivity  and 
low  equipment  write-off.  There  have 
also  been  suggestions  for  the  U3e  of 
agglomeration  instead  of  briquetting 
to  lump  the  charge.  The  titanium 
slag  is  mixed  with  rutile  and  coke 
for  this  purpose.  Partial  melting  of 
the  slag  causes  the  particles  of  the 
charge  to  coalesce.  However,  ag- 


Figure  29.  Diagram  of 
shaft -electric-furnace- 
type  chlorinator.  1)  Lin¬ 
ing;  2)  briquettes;  3) 
chlorine  supply;  4)  man¬ 
hole;  5)  carbon  packing; 

6)  lower-level  electrode; 

7)  taphole;  8)  upper- 
level  electrode;  9) 
vapor-gas-mixture  off¬ 
take  pipe;  10)  gate 
feeder;  11)  charging 
hole;  12)  emergency 
hatch . 


glomeration  of  titanium  slag  for  sub¬ 
sequent  chlorination  has  not  yet  come 
into  use  industrially. 

The  coked  briquettes  are  con¬ 
veyed  in  special  containers  to  the 
furnace  charging  hoppers  for  chlori¬ 
nation.  The  briquettes  are  loaded 
into  the  furnace  through  a  hol2  in 
the  roof  by  a  feeder  sealed  by  a 


bell-  or  spool-type  gate.  The  chlo¬ 
rine  is  fed  intc  the  furnace  through  tuyeres  at  the  bottom. 


The  chlorinator  (Fig.  29)  can  be  discusued  in  terms  of  three 
levels.  The  lower  zone  (temperature  below  700°C)  is  filled  with 
the  chlorination  residue,  which  is  richer  in  silica,  aluminum 
oxide,  and  carbon  than  the  initial  briquettes.  The  basic  com¬ 
ponents  of  this  residue  are  as  follows,  in  <:  20-40  TiO,,,  1. 5-2.0 
Footnote  (6)  appears  on  page  190. 
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Pe203,  4-5  A1203<  8-15  Si02,  0.5-0. 7  CaO,  and  18-25  C. 

The  rather  high  contents  of  silica  and  aluminum  oxide  in  the 
residue  are  accounted  for  by  the  low  affinity  of  these  oxides  to 
chlorine.  The  high  titanium  dioxide  and  carbon  contents  in  the 
residue  apparently  result  from  peculiarities  of  the  mechanism  by 
which  the  titanium  dioxide  is  chlorinated.  According  to  Berg- 
holm  [14],  rapid  chlorination  of  titanium  dioxide  in  the  presence 
of  carbon  requires  that  the  distance  between  the  particles  of 
these  materials  not  exceed  0.2  mm.  During  the  chlorination  proc¬ 
ess,  however,  contact  between  the  carbon  and  the  concentrate  is 
disturbed,  and  this  lowers  the  reaction  rate  and  causes  titanium 
dioxide  and  carbon  to  appear  in  the  unchlorlnated  residue. 

In  the  chlorination  of  raw  materials  containing  magnesium,  cal¬ 
cium  and  manganese,  the  bottom  zone  accumulates,  in  addition  to  un¬ 
chlorinated  residue,  a  melt  consisting  chiefly  of  chlorides  of 
the  above  elements,  66-68  CaCl2»  33-35  KgClg,  1. 5-2.0  PeCl2, 

0. 5-1.0  MnCl2. 

The  chloride  melt  is  tapped  at  intervals  through  a  nole  in 
the  lower  part  of  the  furnace.  To  keep  it  liquid,  the  bottom  of 
the  electric  shaft  furnace  (ESP  [shakhtnaya  elektropech' ;  electric 
shaft  furnace])  is  warmed  by  current  passed  through  a  carbon 
(cryptolite)  packing,  to  which  it  is  supplied  Dy  two  c.*rbon  elec¬ 
trodes.  As  chlorination  advances,  the  height  of  the  zone  filled 
with  unchlorinated  furnace  residue  increases,  with  the  result  that 
the  chlorination  campaign  must  be  broken  off  and  the  chlorinator 
shut  down  for  cleaning.  Depending  on  the  conditions  under  which 
the  equipment  is  operated,  the  campaign  time  for  chlorination  of 
titanium  slags  in  an  ESF  varies  from  1.5  to  6  months. 

The  chlorination  zone,  where  the  basic  mass  of  the  charge 
interacts  with  the  chlorine,  overlies  the  unchlorinated-residue 
zone.  The  temperature  in  this  zone  is  raised  to  1100° C  by  the 
heat  released  in  the  process.  A  further  temperature  rise  cannot 
be  permitted,  since  it  results  in  rapid  destruction  of  the  lining 
and  makes  it  difficult  to  condense  the  chlorination  products. 

Thus,  the  temperature  In  this  zone  limits  the  productivity  of  the 
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equipment.  The  height  of  this  zone  depends  on  the  temperature, 
rate  of  chlorine  supply,  briquette  dimensions,  and  the  nature  and 
particle  dimensions  of  the  concentrate  and  the  carbon  reducer. 

The  height  of  the  chlorination  zone  increases  with  increasing 
chlorine  supply  rate  and  briquette  size.  The  chlorination  zone 
is  gradually  displaced  upward  in  the  course  of  a  campaign  as  the 
furnace  residue  accumulates.  The  rate  of  ref.ction-zone  displace¬ 
ment  determines  the  duration  of  the  campaign.  The  high  reaction- 
zone  temperature  and  the  bed  of  carbon-containing  briquettes 
create  conditions  favoring  the  Boudouard  reaction.  Hence  the  ex¬ 
haust  gases  of  an  ESF  are  characterized  by  a  high  C0/C02  concen¬ 
tration  ratio  (Table  27). 


TABLE  27 

Composition  of  ESF  Exhaust  Oases  in  Chlorination  of 
Titanium  Slags,  % 


composition 

of  gas 

component  contents 
during  chlorination 

>y  vapor¬ 
ised 

chlorine 

by  chlorine- 
air  nixtura 
containing 
*70%  Ci2 

CO 

n-M 

55— as 

CO, 

U-l* 

5-10 

8b 

OXL 

0,3— 0,4 

0-tracea 

0.5-1 

,  l~*  . 
•—traces 
’  0.8-1 

N, 

rest  . 

raat 

Because  of  the  high  carbon  monoxide  content  in  the  exhaust 
gases,  seepage  of  air  into  the  condensation  system  must  be  ex¬ 
cluded  to  prevent  explosions. 

To  avoid  possible  explosions,  the  chlorinator  and  the  upper- 
stage  equipment  of  the  condensation  system  are  operated  under  a 
positive  pressure.  In  addition,  the  chlorinator  cover  is  provided 
with  special  blowout  hatches  as  a  safety  measure  against  explo¬ 
sions  . 

Next  above  the  chlorination  zone  is  the  zone  in  which  -e 
briquettes  are  heated.  As  they  pass  through  this  zone,  the 
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briquettes  are  heated  by  exhaust  gases  to  'v-700°C.  Exchange  reac¬ 
tions  also  take  place  in  this  zone  between  the  titanium  tetra¬ 
chloride  vapor  and  the  readily  chlorinated  oxide  components  of  the 
concentrate.  The  result  is  formation  of  chlorides  of  calcium, 
magnesium,  iron,  and  other  elements  and  secondary  titanium  dioxide, 
most  of  which  is  trapped  in  the  briquette  pores,  from  which  the 
gas  stream  carries  only  insignificant  amounts  into  the  condensa¬ 
tion  system.  Some  condensation  of  the  vapors  of  high-boiling 
chlorides  (CaClg,  MgClg,  etc.),  driven  out  of  the  reaction  zone, 
also  takes  place  on  the  cold  briquettes  in  this  zone.  Hence  the 
distribution  of  these  chlorides  between  the  chiorinator  and  the 
condensation  system  depends  not  only  on  the  contents  of  the  cor¬ 
responding  oxides  in  the  raw  material  and  the  chlorination-zone 
temperature,  but  also  on  the  height  of  the  briquette-preheating 
zone.  When  a  rich  titanium  slag  with  a  small  content  of  the 
oxides  of  these  elements  is  chlorinated  at  high  productivity  with 
a  thin  blanket  of  briquettes,  almost  no  melt  is  formed,  since  the 
corresponding  chlorides  are  driven  off  into  the  condensation  sys¬ 
tem.  Toward  the  end  of  a  campaign,  the  height  of  the  preheating 
zone  has  been  reduced  to  the  minimum  that  supports  operation 
without "blow-by"  of  unused  chlorine  into  the  condensation  system. 

The  ESF  chiorinator  is  fairly  trouble-free  ir.  operation, 
chlorinates  96-97*  of  the  titanium  dioxide  in  the  concentrate, 
and  permits  variation  of  productivity  through  a  wide  range.  Its 
deficiencies  include  the  intermittent  nature  of  the  process  —  the 
unchlorinated  residue  must  be  cleaned  out  at  periodic  intervals  — 
low  specific  productivity  on  technical  titanium  tetrachloride 

p 

[''-2  tons/(m  *day)],  and  the  complexity  of  preparing  the  raw  mate¬ 
rial  for  chlorination  (briquetting  and  coking  the  briquettes). 

The  specific  productivity  of  the  ESF  can  be  increased  by  stepped- 
up  offtake  of  heat  from  the  reaction  zone,  as  by  external  cooling 
of  the  chiorinator.  For  this  purpose,  part  of  the  shaft  above  the 
electrode  zone  is  lined  with  lightweight  firebrick.  The  chiori¬ 
nator  3hell  is  protected  from  exposure  to  chlorine  by  two  sheets 
of  diabase  tile  40  mm  thick.  During  furance  operation,  the  outer 
surface  of  the  shell  is  sometimes .irrigated  with  water,  so  that 
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substantially  increased  amounts  of  heats  are  taken  out  of  the  re¬ 
action  zone  and,  consequently,  the  productivity  of  the  equipment 
is  raised.  However,  chlorides  build  up  progressively  on  the  sur¬ 
face  of  the  diabase  liner,  with  the  result  that  the  rate  of  heat 
transfer  out  of  the  cblorinator  is  lowered. 

Concentrates  that  do  not  form  a 
melt  during  chlorination  can  be  proc¬ 
essed  in  a  shaft- furnace  (SF  [shakhtnaya 
pech';  shaft  furnace])  chlorinator  with 
mechanical  residue  unloading  (Pig.  30). 

Use  of  this  equipment  permits  a  con¬ 
tinuous  chlorination  process  without 
shutdown  of  the  chlorinator  for  clean¬ 
ing  and  without  expenditure  of  electric 
power  to  heat  the  chlorinator.  In  com¬ 
bination  with  the  measure  described 
above  for  stepping  up  heat  offtake, 
these  advantages  of  chlorination  in  the 
SF  permit  substantial  increases  in  proc¬ 
ess  productivity  and  improvement  of  in¬ 
dustrial-hygiene  conditions. 

Technology  of  Chlorination  In  the  Melt 

Chlorination  of  powdered  materials 
in  a  fused-chloride  medium  is  a  process 
that  has  been  known  since  1920  for 
magnesium  oxide. 

During  the  postwar  period,  one  of 
the  Soviet  plants  developed  and  intro¬ 
duced  a  method  of  chlorinating  carnal- 
lite  in  the  melt.  In  195^,  S.P.  Solyakov  proposed  the  use  of 
fused  chlorides  as  a  medium  for  the  chlorination  of  finely  ground 
titanium  slags.  A  schematic  flow  sheet  of  this  process  appears 
in  Pig.  31.  Used  magnesium-bath  electrolyte  was  used  as  the  melt. 

The  process  takes  place  as  follows.  Titanium  slag,  ground  to 
-0.13+0.08  mm,  and  -0.2+0.13  mm  petroleum  coke  are  loaded  into  the 


Figure  30.  Diagram  of 
shaft-furnace-type 
chlorinator  with  con¬ 
tinuous  unloading  of 
chlorinated  residue. 

1)  Furnace  lining;  2) 
shaft-loading  unit; 

3)  plunger- type  un¬ 
loader;  *0  chlorine 
supply  with  tuyere;  5) 
water-cooled  cone;  6) 
thermocouple. 
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Figure  31*  Flow  chart  of  titanium  tetrachloride 
production  by  chlorination  of  slags  in  the  melt. 


chlorinator  by  a  worm  feeder  at  the  surface  of  a  melt  composed  of 
high-boiling  chlorides  (Fig.  32).  Chlorine  is  admitted  at  the 
bottom  of  the  chlorinator.  It  i3  heated  in  the  melt  and  reacts 
with  the  slag  and  coke.  As  it  ascends  through  the  melt,  the  flow 
of  gases  circulates  it  vigorously,  preventing  slag  from  settling 
onto  the  floor  of  the  chlorinator  and  coke  from  floating  to  the 
surface.  The  gaseous  chlorination  products  are  piped  from  the 
top  of  the  chlorinator  into  a  condensation  system.  The  nonvola¬ 
tile  chlorides  and  the  unchlorinated  residue  that  are  formed  are 
removed  periodically  as  they  accumulate,  via  the  tap  hole  along 
with  the  melt.  The  chlorine-supply  tuyere  terminates  in  hori- 
zc  .tal  toothed  chlorine  distributors  to  provide  more  uniform  dis¬ 
tribution  of  the  gas  over  the  length  of  the  chlorinator  shaft. 

Some  versions  of  the  chlorinator  have  horizontal  gratings  made 
from  high-alumina  refractory  in  the  shaft.  The  intended  purpose 
of  the  distributor  gratings  is  to  further  break  down  the  gas 
bubbles  and  thereby  increase  the  area  of  contact  between  the  gas 
and  liquid.  However,  laboratory  tests  conducted  on  a  model  chlor¬ 
inator  showed  that  these  gratings  are  practically  ineffective  and 
even  impede  circulation  of  the  melt  and  complicate  the  design  of 
the  chlorinator  [39].  Overflow  ducts,  which  serve  to  create 
directional  circulation  of  the  liquid,  are  built  Into  the 
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chlorinator  wall  opposite  the  chlorine 
distributor.  In  the  absense  of  gas- 
distributor  gratings,  thase  overflow 
channels  become  unnecessary.  The  de¬ 
sign  of  the  chlorinator  is  substan¬ 
tially  simplified  as  a  result.  Heat 
is  taken  from  the  melt  through  graphite 
rods  around  which  it  circulates;  these 
rods  contain  pipes  through  which  water 
is  run  to  pick  up  the  heat  to  be  re¬ 
moved.  Some  of  these  rods  are  used  as 
electrodes,  which  are  switched  in  to 
warm  the  chlorinator. 

The  rate  of  the  chlorination  proc¬ 
ess  in  the  melt  depends  on  temperature, 
the  degree  to  which  the  concentrate 
and  coke  are  ground  fine,  the  compo¬ 
sition  cf  the  fused-3alt  bath,  and 
the  rate  of  chlorinating-agent  supply. 

There  is  a  certain  optimum  3ize 
to  which  the  concentrate  and  coke  can 
be  ground.  Overgrinding  of  these 
materials  does  not  increase  chlori¬ 
nation  rate.  Normal  operation  of  the 
chlorinator  requires  that  the  chlorine 
supply  rate  per  unit  sectional  area  of 
the  chlorinator  be  no  lower  than  a 
certain  minimum  that  circulates  the 


Figure  32.  Diagram  of 
chlorinator  for  chlori¬ 
nation  in  the  melt.  1) 
Stack;  2)  port  and  plug 
in  roof;  3)  roof;  *») 
upper  chlorine-distribu¬ 
tor  grating;  5)  lower 
ch lorine-dist rib utor 
grating;  6)  chlorine 
supply  pipe;  7)  plug 
for  cleaning;  8)  chlo¬ 
rine-supply  tuyere;  9) 
chlorine  distributor; 

10)  lower  electrode; 

11)  manhole;  12)  over¬ 
flow-duct  wall;  13) 
electrode;  1*0  water- 
cooled  rod. 


melt  intensively  enough  to  obtain  uni¬ 
form  distribution  of  the  concentrate  and  coke  throughout  its 
volume.  In  contrast  to  the  ESF  chlorinators,  the  exhaust  gases 
are  cong>osed  chiefly  of  C02  in  the  case  of  fused-salt  chlorina¬ 
tion.  As  a  rule,  the  carton  monoxide  concent  does  not  exceed  5*. 
This  fact,  the  cause  of  which  has  not  definitely  been  established, 
increases  the  amount  of  heat  liberated  in  chlorination  and  re¬ 


duces  the  explosion  hazard  of  the  process. 


FTD-HC-23- 352-69 


186 


Titanium  slags  are  chlorinated  at  750-800°C  with  continuous 
infeed  of  slag  and  coke. 

The  titanium  dioxide  concentration  in  the  melt  should  be  0.5- 
1)1,  and  that  of  carbon  7-9?-  The  height  of  the  melt  layer  in  the 
chlorinator  is  held  in  the  range  from  2.3  to  3.2  meters  from  the 
floor.  Chlorine  supply  rate  depends  on  chlorinator  productivity 
and  generally  varies  from  40  to  60  m.  per  hour  per  Pi  of  melt. 

In  slag  chlorination,  the  melt  is  partially  replenished  twice 
a  day.  Immediately  after  drainage  of  the  melt,  fresh  used  elec¬ 
trolyte  taken  from  the  magnesium  baths  is  poured  into  the  chlori¬ 
nator  to  lower  the  concentrations  of  impurity  chlorides  and  un¬ 
reacted  silica  in  the  melt  and  bring  the  melt  up  to  the  proper 
level . 

A  single  dose  of  spent  electrolyte  amounts  to  about  10-15£ 
of  the  bath  volume. 

Melt  and  used-electrolyte  compositions  are  listed  below  in  %: 

no  n*a  aa.  Mia,  +»&£  tio,  c  po. 

Used  magnesium-bath  electrolyte 
7S — S>  4-1  8-10  5-7  I— *  —  —  .  — 

Used  chlorinator  melt 
30-43  7—3  2—s  25-35  10-20  0,6-1  1-9  «-8 

Tne  losses  of  titanium  with  the  melt  come  to  about  0.4-0. 5?* 
The  process  of  chlorination  in  the  melt  is  continuous,  briquetting 
and  coking  of  the  charge  are  unnecessary,  and  specific  productiv¬ 
ity  is  high  (mo re  than  ten  tout*  of  titanium  tetracnioride  per  day 
npr  mpfraj.  pf  chlorinator  cross— ssc aionsl  area/ .  An  many 

cases,  it  is  possible  to  chlorinate  at  lower  temperatures  than  in 
the  case  of  the  ESP  because  of  the  catalytic  action  of  the  salt- 
bath— melt  components.  Either  chlorine  or  the  chlorine— air  mixture 
Obtained  during  electrolysis  of  carnaiiite  and  magnesium  chloride 
(recycling)  may  be  used  as  the  chlorinating  agent, 

A  shortcoming  of  this  process  is  the  short  service  life  of 
the  chlorinator  lining  in  melt  ci.iorinatlon  as  opposed  to  ESF 
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chlorination.  Melt  chlorination  cannot  be  used  for  titanium  con¬ 
centrates  with  high  silica  contents  in  the  form  of  quart?.,  which, 
since  it  does  not  chlorinate  as  well  as  titanium  dioxide,  accumu¬ 
lates  in  the  melt,  increasing  its  viscosity  and  r  \iring  frequent 
replenishment  of  the  salt  bath.  7n  addition,  the  ;lid  chlorides 
removed  from  the  condensation-system  units  contaik  more  titanium 
dioxide  in  melt  chlorination  than  in  ESP  chlorination,  especially 
when  the  chlorine-air  mixture  is  used  as  the  chlorinating  agent. 

On  the  one  hand,  this  results  from  venting  of  fine  titanium  diox¬ 
ide  and  slag  part. ties  into  the  condensation  system  and,  on  the 
other,  from  the  oxidation  of  titanium  tetrachloride  vapor  by  oxy¬ 
gen  present  in  the  chlorine-air  mixture. 
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Chapter  10 

SEPARATION  OF  CHLORINATION  PRODUCTS  AND 
PURIFICATION  OF  TITANIUM  TETRACHLORIDE 

Physicochemical  Bases  of  Chloride  Condensation  and  Purification 
of  Titanium  Tetrachloride 

Tne  behavior  of  tne  chlorination  products  during  condensation 
is  determined  by  their  physicochemical  properties,  most  important 
among  which  are  vapor  pressure,  relative  volatility,  and  melting 
point  in  the  corresponding  chloride  systems.  Below  we  present 
values  or  the  boiling  and  melting  points  cf  certain  chlorides  that 
form  along  with  titanium  tetrachloride  during  slag  chlorination, 
together  with  the  solubilities  of  certain  chlorides  ir.  TiCl,,. 
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The  kinetics  of  condensation  of  the  products  of  chlorination 
of  titanium  raw  materials  have  not  been  studied.  Accordingly, 
only  thermodynamic  relationships  are  used  at  present  in  computing 
the  condensation  yield  of  the  chlorination  products  and  their  con¬ 
tents  in  the  exhaust  gases.  The  dimensions  of  the  condensers,  on 
the  other  hand,  are  determined  by  heat-transfer  requirements  and 
design  considerations.  Thi3  approach  is  quite  justified  if  it  is 
considered  that  the  limiting  stage  of  the  process  Is  not  eonuei'is a— 
tion  proper,  but  offtake  of  the  heat  released  in  it.  In  other 
words,  it  Is  assumed  that  the  speed  with  which  equilibrium  is 
established  between  the  gas  and  the  thin  film  of  condensed  phase 
that  it  washes  is  many  times  greater  than  the  rate  of  heat  trans¬ 
fer  from  this  film  tc  the  coolant. 

The  amount  cf  vapor  leaving  a  condenser  with  the  gas  stream 
per  unit  of  time  is  determined  from  the  relation 

(82) 

wr-ere  M,  is  the  molecular  weight  of  the  vapor  of  the  chloride 
being  condensed,  n.,  is  the  number  of  gram-molecules  of  the 
<,,,!,«• tar.ee  bein3,  condensed  that  escape  from  the  condenser  per  unit 
of  time  with  the  gas  stream;  gxh  is  the  equilibrium  partial 
pressure  of  this  substance  above  the  condensed  phase  at  the  ex¬ 
haust-gas  temperature;  Vgxh  is  the  total  volume  of  vapor-gas 
mixture  leaving  the  apparatus  per  unit  of  time;  Tei(ji  is  the  ex¬ 
haust-gas  temperature. 

The  amount  of  vaporized  matter  at  the  entrance  into  the  ap¬ 
paratus  can  be  computed  by  the  similar  formula 

Urn  —  (83) 

*r*  ’ 

t-hg  letters  "sx" denote  the  respective  parameters  at  the 
entry  into  the  apparatus.  However,  in  contrast  to  the  previous 
formula,  p,  denotes  in  this  case  simply  the  partial  pressure  cf 
the  substance  In  the  vapor-gas  mixture  at  the  entry  into  the  ap¬ 
paratus  . 

The  total  pressure  of  the  vapor-gas  mixture  in  the  apparatus 
o.-.itoic  mo  0.1m  r.r-  r'no  cards!  pressures  of  the  gaseous  products 
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that  are  not  condensed  under  the  particular  conditions  and 
saturated  vapors  of  the  compounds  that  do  condense : 

Si l:JS  =a  4-.  —  Sits-.. 

The  over-all  molar  fraction  of  all  gaseous  products  in  the 
gas  mixture  leaving  the  condenser  equals 

\t  .  V-OTi.rai"  _  t  _  -few.atft. 

j  mril  =•  -  *  - 

>SS*  ''"W 

Knowing  the  volume  of  the  gase3  issuing  from  the  apparatus 
unit  of  time,  we  determine  the  corresponding  volume  of  the 
gas  mixture: 


M  27V^,  I  _ 


y^.*^  (86) 

”  r*txm  •  “TZTs  ""  ST  l* 

uhcxR  v  i «  the  volume  of  gases  leaving  the  apparatus  per 

. .  '  exh  •  gas  "  ° 

unit  of  time:  V°  is  the  volume  of  the  same  gase3  reduced  to 

exn  •  8®* 

standard  conditions. 

Pressure  is  given  in  millimeters  of  mercury  in  Formula  (86). 

The  value  of  ^  is  computed  by  adding  the  volumes  of 

gaseous  products  that  are  formed,  according  to  the  equations  of 
the  chlorination  reactions,  on  the  basis  of  chlorinator  produc¬ 
tivity  and  the  degree  of  chlorination  for  each  component.  If  we 
know  the  composition  of  the  chlorinating  agent  fed  into  the  chlor¬ 
inator  and  that  of  the  exhaust  gases,  we  can  calculate  the  utili¬ 
sation  of  the  chlorine,  the  total  amount  of  air  drawn  into  the 

-2  •  -  -  .Un  Va-  r.*+A  <  A  •  I.J.  aUTaviI  ^  ITDSrfSCt 

coriuSrioiiiQ  wjvw*n  a,,vv  v,,v  **"*  — ~ 

equipment  seals  (in  operation  under  a  partial  vacuum) ,  and  the 
volume  of  gases  leaving  the  condenser  per  unit  of  time.  To  de¬ 
rive  the  working  formulas,  we  snail  assume  tnat  the  equipment  is 
in  steady-state  operation.  Let  the  chlorinating  agent  be  a 
chlorine-air  ii*  r»i*i vn  v..e  * v/At?rr.v.~* iw  ~  « 

is  c.  We  write  the  mass-balance  equations  with  consideration  of 
the  fact  that  the  outgoing  vapor-gas  mixture  contains  gases  (N2, 

m  n  rn  anrt  no).  We  denote  the  volumetric  fractions  of  the 

--2,  -2>  . . 
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above  gases  in  the  outgoing  vapor-gas  mixture  by  ,  Cl^,  CO,  0  , 
and  COj,  respectively;  the  tota.l  volume  of  air  seepaae  will  be 
denoted  by  A  [m'j,  and  the  exhaust-gas  volume  by  B  [m^j.  All  gas 
volumes  will  he  assumed  to  have  beer,  reduced  to  standard  condi¬ 
tions  in  this  calculation.  Since  2  moles  of  chlorine  substitute 
1  mole  of  oxygen  in  chlorination  of  any  oxide  component  of  the 
titanium  concentrate,  we  calculate  the  amounts  of  oxygen  and 
nitrogen  introduced  into  the  system  and  withdrawn  from  it.  For 
convenience,  the  calculation  will  be  made  for  100  m^  of  chlorine- 
air  mixture  fed  into  the  chlorinator. 

1.  Supplied  to  the  system  [m^3: 


a;  wxtn  fcne  chiorine-air  mixture: 


iratus  per 
s  reduced  to 

“mula  (86). 

volumes  of 
itions  of 
?  produc- 
it .  If  we 
?  the  chlor- 
the  utili- 
lnto  the 
Isrfect 


juipment  is 


of  chlorine 
eration  of 
gases  (N2, 

ions  02*  who 


of  oxygen  and 


of  nitrogen; 


100(1 -<)•  0,21 

100(1  -«).  0,79 


b)  with  the  aspirated  air: 


of  oxygen  and 
of  nitrogen; 


1.21A 


c)  with  the  chlorinated  oxides 

jooc-s 

t 


of  oxygen. 


2.  Taken  from  the  system  with  the  vapor-gas  mixture: 


nf  nYVfffn  nnrt 


of  nitrogen. 


«( CO,  +  Ob+-i*COj 


fl(i-o&~co-a-ct.i 


Equating  the  amounts  introduced  to  the  amounts  removed,  we 
obtain  a  system  of  two  equations  In  two  unknowns  (A  and  B) : 


100(1  —  t)  •  0,2!  +  0,21  A  4  ^  "t  *  *  ( coi  +  a  4 

*  •  \ 

+T°°r 

100(1 -c)  •  0.79  4  0.79A -» fl(l  -  00,-0, -a,). 
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-xl  Mn.  4-  U  4  _  ,  , 

-;:-s  system,  we  find 


/?- 

29e«  +  5|«_7£B{|_ri 

0,79« -0,2|«  * 

(87) 

chlori 

29t-i  Jl  —  71  -5-  (1  —  t) 

|  j|  ’  * 

where  1 

n 

0.79m  -O.SU  ,0>T9. 

(88) 

mixtur 

Where  n  =■  i — C:Q - rn  _  rv  rt . 

v  -  V<l|f 

®  —  COj  +  O*  +  —  CQ  flu 

1  J  - 

rm 

JL  l 

preced; 

Fur  chlnrinaM^n  k»»  vannn4—^  •  - 

*  vuiwnne ,  c  -  I  and  she  equa- 

tions  become  somewhat  simpler.  Knowing  the  volume  of  the  chlori- 
nating  agent  introduced  into  the  chlorinator  per  unit  of  time, 

chi  Cm  -*»  we  determine  the  volumes  of  aspirated  air  A0  and  ex¬ 
haust  gases  over  the  same  time  interval: 

*4 


y* 

100  '  loo 


The  degree  of  chlorine  utilization  a  equals 

loot  Ido, 


(89) 


(90) 


The  formulas  for  calculation  of  A,  B,  and  a  were  derived  by 
I,L*  Paysakh<>v  and  used  to  analyze  chlorinator  performance. 

me  partial  pressures  of  the  saturated  vapors  can  be  found 
with  the  aid  of  experimental  data  on  the  equilibrium  between  the 
condensed  phase  and  the  vapor  in  the  particular  multicomponent 
system.  Since  such  data  are  generally  not  available  and  even  the 
equilibrium  phase  composition  of  the  condensate  is  often  unknown] 
it  is  assumed  in  engineering  calculations  that  each  chloride  con¬ 
denses  in  the  form  of  an  individual  compound,  forming  a  separate 
phase,  in  this  case,  the  saturated-vapor  partial  pressure  of  the 
condensing  compound  equals  the  saturation  vapor  pressure  above 
this  compound  at  the  same  temperature.  Since  the  corresponding 
data  are  available  in  the  literature  for  the  chlorides  of  all 
principal  titanium-slag  components,  no  particular  difficulty  in 

4  4*4  „  r>  — 

-••vw.Mtvv*  wvt  XI*  *XtlUJ.UK  it  L>  . 

Dar 


4*4 - 1  *  ^ 


The  quantities  Tenfc  and  T__u  are  measured  directly  of  speci- 


The  P1  ent  Por  p*rsc  condenser  is  determined  from  the 

copiDOsition  « —  m 4 . * 

K -  —  *w|/vi-6ao  "iiAburc  at  cne  exir  rrom  tne 
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chlorinator : 

Pirn  “  PtttXlmt  (91) 

where  Y,  .  is  the  molar  fraction  of  the  chloride  in  the  vapor-ga3 
1  ent 

mixture  at  the  entry  into  the  condenser. 

The  for  subsequent  condensers  equal  the  exh  of  the 

preceding  condenser. 

The  amount  of  chloride  trapped  in  the  condenser  per  unit  of 
time  equals 

»2> 

The  volume  of  vapor-gas  mixture  entering  the  condenser  per  unit  of 
time  is  calculated  by  a  formula  analogous  to  (86): 

V*  T—  •  760 

U.W  *S2  1 


V„  = 


(93) 


273(fijA.— 

where  V°  .  is  the  volume  of  gases,  reduced  to  standard  condi- 
ent  *gas 

tions,  in  the  vapor-gas  mixture  leaving  the  condenser  per  unit 

time;  fp__»  „„  is  the  sum  of  the  partial  pressui’es  of  the  chlo- 
ciiv*  par 

ride  vapo;s  at  the  entrance  into  the  condenser. 

The  total  pressure  is  practically  the  same  in  all  units  of 

the  condensing  -system  and  equal  to  atmospheric,  ^^h.gaz  81113 

V°  differ  by  the  volume  of  air  aspirated  into  the  condenser 

exh *gas 

under "consideration.  Disregarding  this  seepage  and  setting 


p.  .  *  ?6o  mm,  we  obtain 
tot 


Min  —n  '  —  **>> ’'**-’**  v. 
*™lv*Ux  !hmu  —  17W  " 

x  ( — a** - -  -»g— 


(9*0 


7S0  *  7» 

The  extent  to  whicn  this  chloride  is  trapped  equals 


«IM  — »I«W-  ft«*L 


pm  !•  W-«»\ 

v;  / 


(95) 


The  total  amount  of  chlorides  condensed  in  the  condenser  per  unit 
tiPie  equals 

(96) 
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Distillation  and  rectification  processes  are  important  in 
the  technology  of  purifying  titanium  tetrachloride.  The  hasie 
characteristic  needed  for  design  of  the  equipment  in  which  these 
processes  take  place  is  relative  component  volatility,  by  which  we 
mean  the  ratio  of  the  relative  concentrations  of  these  components 
in  the  equilibrium  vapor  and  liquid  phases.  Thus,  the  relative 
volatility  of  components  A  and  B  is 

F,  XA 

(57) 

wnere  Y*  and  Y„  are  the  concentrations  of  components  A  and  B  in 
the  1  apor  phase,  expressed  in  mole  fractions;  X.  and  XR  are  the 

nnn/t«nf  v««4>4  a*» n  a-v  - — -  ...  **  “ 

- Vi  wicss  components  in  the  equilibrium  Liquid 

phase,,  expressed  in  mole  fractions. 

After  clearing  of  suspended  matter,  technical  titanium  tetra- 
eulor-Auc  is  a  multi  component  system.  The  components  present  in  it 
can  be  classified  Into  three  main  groups: 

a)  dissolved  gases  (C02,  HC1,  Cl2,  C0C12); 

b)  liquids  with  moderate  boiling  points  (SiCl^.  V0C1»)  and 
unlimited  solubility  in  titanium  tetrachloride: 

c)  chlorides  that  are  solid  at  room  temperature  (AlCl^, 

"eCl^,  SgCl2  and  others)  and  dissolve  poorly  in  titanium  tetra- 
chloriv. . 

However,  the  total  contact  of  impurities  dissolved  in  the 
TlClj,  represents  only  0.5-l.Oi.  For  this  reason,  and  because  of 
the  fact  that  the  impurity  substances  do  not  react  chemically  with 
one  another,  titanium  tetrachloride  is  regarded  as  a  binary  sys¬ 
tem  in  the  design  of  distillation  apparatus.  One  component  of 
this  system  is  titanium  tetrachloride  and  the  other  is  the  im¬ 
purity  to  be  removed.  Consequently,  the  greatest  interest  at¬ 
taches  to  the  relative  volatility  of  the  impurity  to  be  removed 
and  titanium  tetrachloride: 

Sl/TSC.  “  *  (98) 

If  the  relative  vnlaMUtv  f  if  4*V>  A  ehnee  4  •» 

“  -  — --  -w  —  —  WJ  )  vuvi  V  JV I  t  ou w  u  u 
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The  reverse  is  the  case  if  the  relative  volatility  is  smaller  than 
unity.  At  a  *  1.  the  concentrations  of  titanium  tetrachloride  and 
the  impurity  are  the  s-.ne  in  the  equilibrium  liquid  and  vapor 
phases.  In  the  first  case,  the  impurity  will  concentrate  in  the 
distillate  during  rectification,  and  in  the  second  it  will  collect 
in  the  column  vat  residue.  In  the  third  case,  we  deal  with  an 
azeotropic  mixture  chat  cannot  be  separated  by  rectification  under 
the  selected  conditions.  If  experimental  data  are  available  on 
compositions  of  the  equilibrium  vapor  and  liquid  phases,  it  is 
easy  to  determine  the  values  of  a  that  correspond  to  various  con¬ 
tents  of  the  impurity  in  titanium  tetrachloride.  For  ideal  solu¬ 
tions  (i'lCl^-SiClj,,  TiCljj-VOClj  and  others),  relative  volatility 
can  be  calculated  for  any  composition  from  data  on  the  vapor  pres¬ 
sures  above  the  pure  impurity  and  TiCl^  at  various  temperatures. 
According  to  Eaoult's  law,  to  which  ideal  solutions  are  subject, 
the  partial  pressures  of  the  components  in  >.he  vapo;  ^hase  at 
equilibrium  with  the  liquid  can  be  calculated  by  the  equations 

Fna.-  P+y wa,  -F&ei^Cna* 

v  •»  (99) 

Pi-P+Jx^PiXu 


the  titanium  tetrachloride  and  the  impurity  above  the  solution, 
ptot  ia  the  total  pressure  in  the  system,  and  Pq^d  and  P1  are 

the  saturation  vapor  pressures  above  pure  titanium  tetrachloride 
and  the  impurity  at  tne  given  temperature. 


We  obtain  directly  from  these  equations 


rita,  *na. 


- at  ft ia> 


A 


(100) 


Thus,  the  relative  volatility  of  the  ideal-solution  compo¬ 
nents  equals  the  ratio  of  the  saturation  vapor  pressures  above 
these  components  at  the  given  temperature.  For  a  two-component 
system 

X.+Xro.-1 

and 
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T 


\ 


Pat*  **  Pnci.  +  P\  **ptrti +  p?:c»,(l  — Xi). 
Solving  this  last  aquation  for  X^,  we  find 

v  —  ^,~4ai 
‘ 1  j_.«  .  * 

ri  rjig. 

According  to  the  Clapeyron-Clausius  equation, 

— •’na. 


I 

\ 


\ 

l 


(102) 


(103) 

(10H) 


where  ^Ticl)  ana  *1  are  constants  having  the  sense  of  heats  of 

*T 

ror*W«rir»n  of  Hhanilim  fohnoAhlAwirta  or»H  fha  •<  mnitn4  *•«*  •  V\  nM/4 

- -  -  - * -  - - -  *-s‘v  V*t*‘A  VMS.  JLilJi/Uli'-V  )  VTlCll  S“U 

bj  are  constants  characteristic  for  these  substances. 
Consequently, 


‘no,-*; 


nrto. 


Substituting  the  values  of  P^1C1  and  p°  into  the  equation  for  Xj, 
we  obtain  finally  ’ 


X, 


lija* 

P<esj—hia.*^~ 

_2* 

»*  "r-W  "* 


(106) 


This  last  equation  can  be  used  to  compute  the  composition  of  a 
boiling  ideal  solution  of  the  two  components  as  a  function  of  the 
total  pressure  and  the  boiling  point  if  data  are  available  on  the 
saturatio  .  vapor  pressures  above  the  pure  components  at  various 
temperatures . 


Reference  [273  considers  the  equilibrium  distribution  of  an 
impurity  with  low  solubility  in  titanium  tetrachloride  between 


the  vapor  and  liquid  phases . 
and  the  chlorides  of  alkali-. 
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metals.  Owing  to  the  very  low  solubility  in  titanium  tetrachlor¬ 
ide,  such  a  solution  may  be  regarded  as  infinitely  dilute  even 
when  it  is  saturated  with  the  impurity.  The  vapor  pressure  of 
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the  impurity  above  its  infinitely  dilute  solution  in  titanium 
tetrachloride  (the  first  phase)  is  calculated  by  Henry's  law: 


.  _vy 

Pi  -  *v*  i,ij* 


(10?) 


where  K  is  Henry's  constant  for  the  particular  component. 


The  symbol  I  indicates  reference  to  the  mole  fraction  of  the 
impurity  in  the  first  phase.  The  vapor  pressure  of  titanium 
tetrachloride  above  the  first  phase  is  subject  to  Kaouit's  law: 

PtWj  “  PtKS^TKM!*  “  pWt-X,«n>.  (108) 

If  there  is  a  saturated  solution  of  the  impurity  in  the  titanium 
tetrachloride,  this  solution  should  be  at  equilibrium  with  the 
second  phase,  which  is  the  saturated  solution  of  titanium  tetra¬ 
chloride  in  the  impurity.  Since  the  two  solutions  are  at  equi¬ 
librium,  each  component  should  have  the  3ame  partial  vapor  pres¬ 
sure  above  them.  If  the  solubility  of  titanium  tetrachloride  in 
the  impurity  is  very  low,  its  equilibrium  partial  pressure  above 
the  second  phase  is  calculated  from  Raoul <•  ’ «  ’■««: 

Pi  —pfriwii  •8P»(t— (109) 
where  XI(n)JT  and  XTlcl^n)II  are  the  .molar  fractions  of  the  im¬ 
purity  and  the  titanium  tetrachloride,  respectively,  in  the 
second  phase,  which  is  at  equilibrium  with  the  first. 

Equating  the  impurity  partial  pressures  above  the  first  and 
second  phases,  we  find  the  value  of  Henry's  constant  in  Eq.  (107): 


ptU-Xna^-KX^: 
.  J*<1  "XTIC|4MI1>, 

*  - T~- - - 


(110) 


..U  V 


«?•««*-%?  -s  the  molar  fraction  of  the  impurity  in  the  first 

phase,  which  is  at  equilibrium  with  the  second  phase. 

Thus  y  •  { 10? )  a55 uniSa  the  fors* 
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If  XTlcli)(n)II  =  0,  i.e.,  the  solubility  of  titanium 
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tetrachloride  in  the  impurity  is  negligibly  low,  we  have 


and.  consequently i 


whence 


-  _Jj_ _ p - - 

nio«  •■**! 


♦*»». .  „  „  _ _ & _ 

t-n '?-*sro  *®B*  /4*vm**  ••««*  . 


(112) 


where  a.  „  Is  the  relative  volatility  of  the  impurity  and 

X/  XX\*luJL  u 

titanium  tetrachloride  calculated  on  the  assumption  that  the  solu¬ 
tion  of  the  impurity  in  the  titanium  tetrachloride  is  ideals 

pi/pTiCl4* 

If  we  consider  the  behavior  of  an  impurity  for  which  « 

«  p£icl  ,  its  low  solubility  in  titanium  tetrachloride  will  make 

the  solution  boiling  point  practically  equal  to  the  boiling  point 
of  pure  titanium  tetrachloride.  As  a  result, 

t— — —  =* const  and  Xlfm  -coed. 

Atat 

In  this  case,  tne  relative  volatility  will  be  independent  nr 
ippurity  concentration  in  the  titanium  tetrachloride  in  the  pos¬ 
sible  range  of  its  variation,  i.e., 

« _ (113) 

»f  i  *v»i  *  '  *rf 

Since  Xtm  <  •:  ai/na,  >  «i/na,id,  i.e.,  the  relative  volatility  of 
the  low-solubility  impurity  is  greater  than  that  calculated  by 
Raoult’s  law.  Here,  the  lower  the  solubility  of  the  impurity  in 
titanium  tetrachloride,  the  higher  will  be  its  relative  vola¬ 
tility.  A  necessary  condition  for  purification  of  the  titanium 
tetracnioriae  or  tne  inpurity  oy  rectification  is  that  a  differ 
from  1,  which  corresponds  to  the  case 
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we  have  ainl0l  >  1. 


In  continuous-column  rectification  of  a  mixture  for  which  o!TK}<  <  1. 
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it  moves  toward  the  column’s  refluxer.  On  the  other  hand,  the 
reflux  will  become  enriched  in  the  impurity  as  it  moves  toward 
the  evaporator.  This  enrichment  of  the  reflux  may  continue  until 
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independent  phase  and  the  mixture  will  behave  as  a  heteroazeo¬ 
trope,  without  further  separation. 


In  continuous -column  rectification  of  a  mixture  for  which 
ai/na,  >  U  the  reflux  will  become  impoverished  in  the  dissolved  im- 
purl  ty  it  moves  t />uqv>/^  the  svsporstor;  As  they  move  towsrd 

the  refluxer,  on  the  other  hand,  the  vapor  will  become  richer  in 
it,  despite  the  fact  that  the  vapor  pressure  above  the  pure  Im¬ 
purity  may  be  substantially  lower  than  that  above  the  pure  titan¬ 
ium  tetrachloride.  The  vapor  will  become  richer  in  inqpurity 
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until  the  Impurity  concentration  in  the  liquid  phase  reaches 
XT'n)I*  this  concentration  is  reached,  the  impurity  will  be 

an  independent  phase.  There  will  be  no  further  separation.  The 
mixture  will  behave  as  a  heteroazeotrope,  and  the  impurity  and 
the  titanium  tetrachloride  will  distill  over  in  the  proportions 

pi:pTicv 


If  a 


1/T1C1, 


is  near  unity,  then  even  a  minor  change  in  the 


impurity's  solubility  in  the  titanium  tetrachloride  may  have  a 
substantial  Influence  on  the  efficiency  and  direction  of  the 
separation  process.  A  change  in  solubility  can  be  brought  about 
either  by  changing  the  solution  boiling  point  by  changing  the 
pressure  or  by  introducing  a  third  component  into  the  titanium 
tetrachloride.  Table  28,  which  was  borrowed  from  [2?],  «#ay  serve 
as  a.  exanple  of  the  relation  between  limited  solubility  and  rela¬ 
tive  volatility. 

As  we  see  from  the  data  in  Table  28,  the  values  found  ex¬ 
perimentally  for  the  relative  volatilities  agree  closely  with 
those  calculated  by  F.q.  (112)  despite  the  fact  that  the  experi¬ 
mental  value  of  c  differs  by  several  orders  from  that  computed  by 
Raoult'a  law. 

Equilibria  In  Chloride  Systems  Encountered  During  Chlorination 

According  to  V.A.  Il'ichev  and  A.M.  Vladimirova  [7,  page 
148],  the  lower-limit  freezing  point  of  the  CaClg-MgClg-MnCl, 
system  is  about  590°C.  In  this  system,  the  fusabillty  diagram 
is  divided  into  two  regions  by  a  double-euteefcic  line  that  is 
nearly  straight  and  passes  through  the  50 %  MgClg,  505  CaClj,  and 
70J  HnClg,  30 S  CaCl.,  points,  in  the  range  of  compositions  around 
the  figurative  CaCl2  point,  the  primary  crystallization  product 
is  calcium  chloride.  In  the  other  region,  a  solid  solution  of 
magnesium  and  manganese  chlorides  is  first  to  precipitate  on 
crystallization.  Sodium  chloride  additives  lower  the  initial 
freezing  points  of  melts  of  these  chlorides  quite  substantially. 
Thus,  for  example,  a  CaCl2-MgCl2-MnCl2  melt  with  the  components 
in  1:1:1  proportions  begins  to  freeze  at  6l3°C,  while  a  melt  con¬ 
taining  30*  NaCl  and  70%  of  the  above  mixture  begins  to  solidify 
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at  4i6°C.  Addition  of  ferrous  chloride  to  mixtures  of  calcium, 
magnesium,  and  manganese  chlorides  results  in  a  sharp  depression 
of  the  initial  freezing  point.  Thus,  for  example,  a  melt  contain¬ 
ing  35?  of  a  C  a  C 1 2  -  fin  C 1 2  -  Mg  C 1 2  mixture  taken  in  the  proportions 
3:6:1  and  65?  FeCl^  has  an  initial  freezing  point  of  222°C. 

According  to  the  same  authors,  the  components  of  the  ternary 
MgC32-FeCl2-MnCl2  system  form  a  continuous  series  of  solid  solu¬ 
tions.  The  lowest  temperature  at  which  crystallization  begins  in 
this  system  equals  the  melting  point  of  magnesium  chloride. 


Bine  ,•  and  ternary  systems  of  alkali-metal  chlorides  with 
iron  and  aluminum  chlorides  have  been  studied  by  numerous  authors. 
According  to  Fischer  and  Simon  [18],  the  compounds  NaAlCljj  (tpl  « 

*  151°C)  and  KA1C1,.  (t  -  *  256°C)  form  in  the  NaCl-AlCl,  and 
KCl-AlCl^  systems.  The  eutectic  between  NaCl  and  fiaAlClj,  contains 
50. 0-50. 2?  (molar)  of  NaCi  and  has  a  melting  point  of  150°C.  The 


analogous  eutectic  between  K Cl  and  KaICIi.  melts  at  250“c  and  con¬ 
tains  H9%  (molar)  of  AlCl^  The  pseudobinary  system  has  a  eutec¬ 
tic  that  melts  at  125°C.  The  molar  ratio  of  NaCl  and  KC1  in  this 
eutectic  is  35:15.  In  the  pseudobinary  NaCl-KAlCljj  system,  the 
eutectic  contains  no  more  than  0.5?  (molar)  of  NaCl  and  melts  at 
253°C.  The  ternary  Nad-NEAICI^-KAICI^  eutectic  melts  at  123°c 
and  has  the  following  composition,  in  %  (molar):  49-50  AiCl^;  35 
NaCl;  15  XC1 .  It  differs  little  in  composition  from  the  eutec¬ 
tic  in  'he  NaAlCl^-KAlCljj  pseudobinary  system.  Solid  NaAlCljj  and 
KAlCljj  phases  can  coexist  with  NaCl.  The  same  can  be  s 
NaCl-KCl  and  KA1C1,,  solid  solutions.  However,  NaAlClj, 
react  in  accordance  with  the  equation 


NaAiCi,  +  KCi  KA'Ci .  i -  \  >•' 

The  compounds  NaFeClj,  and  KFeCl^,  with  melting  points  of  153  and 
2«3S0,  form  in  the  NaCl-FeCJ.  and  KCl-FeCl,  systems.  «s  ± n  uis 
case  of  aluminum  chloride,  the  compound  of  ferric  chloride  with 
potassium  chloride  is  more  stable  than  its  compound  with  sodium 
chloride.  The  difference  between  the  standard  heats  of  formation 
of  the  complexes  of  FeCl^  with  KCI  and  NaCl  at  25°C  is  6.4  keal. 
The  binary  eutectics  of  NaFeClj  and  KFeOl^  with  FeCl^  and  alkali- 
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metal  chlorides  contain  43  and  51?  (molar)  of  NaCl  and  45  and  52? 
(molar)  of  XC1  [15  ]•  In  the  binary  FeCi^-alui^  system,  the  com¬ 
ponents  form  a  continuous  solid-solution  series  [17].  The  NaCl- 
sys oem  has  a  ternary  eutectic  with  a  melting  point 
of  143°C  consisting  of  NaCl,  NaAlCi^,  and  NaFeCljj  phases.  The 
composition  of  this  eutectic  corresponds  to  *tG3!  (molar)  of  AlCl^, 

3?  (molar)  of  Fed.,,  and  515  (molar)  of  NaCl  [201. 

o  - 

As  substances  of  ionic  structure,  alkali-  and  alkaline-earth- 
mctal  chlorides  are  practically  insoluble  in  titanium  tetrachlor¬ 
ide  [21].  According  to  Moriyama  and  Inagaki  [22],  the  solubili¬ 
ties  cf  calcium  chloride  and  manganese  chloride  in  titanium  tetra¬ 
chloride  at  14°C  are  7.3-10 ^  and  1.7*10“^J(,  respectively;  mag¬ 
nesium  chloride  is  practically  insoluble  below  30°C. 


N.K.  Druzninina  [7,  page  225]  found  that  the  solubility  cf 
aluminum  chloride  in  titanium  tetrachloride  increases  sharply  with 
temperature:  it  Is  0.15*  at  55° C  and  7.15?  at  150° C.  In  the  pre¬ 
sence  of  ferric  chloride,  the  solubility  of  aluminum  chloride  is 
reduced  by  a  factor  of  1.5-2.  The  solubility' of  ferric  chloride 
in  titanium  tetrachloride  is  much  lower  (0.05?  at  150°C).  How¬ 
ever,  it  is  approximately  0.5?  in  the  presence  of  aluminum  chlor¬ 
ide.  Silicon  tetrachloride,  carbon  tetrachloride,  and  vanadium 
oxyt-richlorlde  are  miscible  in  all  proportions  with  liquid  titan- 
i  »nn  tetrachloride-  The  solubility  of  titanium  oxychloride  in 
titanium  tetrachloride  depends  strongly  on  temperature.  According 
to  T.A.  Zavaritskaya  [7>  page  195],  the  solubility  of  the  oxy¬ 
chloride  diminishes  from  0.54  to  0.17?  the  temperature  is  low¬ 
ered  from  26  to  -20SC.  However,  Ehrlich  and  Engel  [23]  reported 
that  the  solubility  of  TiOClg  is  2.5?  at  25° C  and  5.6?  at  130° C. 


V. A.  Il’ichev  and  K.D.  Muzhzhavlev  [24]  studied  the  vapor 
pressure  above  certain  melts  in  the  KCl-NaCl-MgClg-CaC^  system. 
At  1000SC,  a  melt  containing  90?  WgCig,  10?  KC1  +  waCi(KCl:NaCl  - 
■  2:1)  ha3  a  total  vapor  pressure  of  about  20  mm  Hg.  A  melt  con- 
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10mm  Hg  at  the  same  temperature.  Addition  of  calcium  chloride  to 
this  melt  lowers  its  total  vapor  pressure  considerably.  Thus, 
for  example,  a  melt  containing  80?  CaCl2,  10?  MgCl0,  and  10? 
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temperature.  With  rising  temperature,  vapor  pressure  drops  off 
sharply.  At  75Q°C  above  a  melt  containing  1QS  MeCl~.  MaCl  - 
<J5*  KC1 ,  the  vapor  pressure  is  0-32  mm  Hg,  but  22.30  mm  Hg  at 
1060°C.  Analysis  of  melts  containing  MkC1„.  NaCI,  and  CaCl_  has 
shown  chat  the  niagnssi um  and  sodium  chlorides  are  for  the 
part  vaporized.  The  calcium  chloride  accumulates  in  the  melt. 

The  vapor  pressures  above  alkali  chloroaluminate  melt3  are  much 
lower  than  those  above  aluminum  chloride.  A  diagram  given  by 
Dewing  [251  indicates  that  the  vapor  pressure  above  NaAlCl,. 
reaches  one  atmosphere  at  867° C.  Grothe  [26]  reports  that  the 
corresponding  temperature  for  KAICI^  is  1017°C.  According  to 

V.G.  Xorshunov  et  al.  [20].  the  complex  compound  NaPeCl,,  distills 

*? 

over  without  decomposing.  The  vapor  pressure  above  fused  HaFeCl^ 
is  subject  to  the  equation  log  p-—~  +SM.  The  vapor  pres¬ 
sures  of  NaAlCljj  and  NaFeClj,  are  below  0.1  mm  Hg  above  a  mixture 
containing  5*  (molar)  of  AlClg,  5-W  (molar)  of  FeClj,  and  39. 6% 
(molar)  of  NaCI  at  temperatures  below  362° G.  It  is  1.2  mm  at 
kJ7°C  for  HaAlCljj  and  5-9  mm  for  NaPeClj,;  at  590°C,  it  is  i}.7  inm 
for  NaAlCl^  and  21.1  mm  for  NaPeCljj.  Cook  and  Dunn  [19]  studied 
the  interaction  of  FeCl^  with  sodium  and  potassium  chlorides.  At 
1000°K,  the  equilibrium  constant  of  the  reaction  KFeCl{|r_„  - 
*  KClr  r  *  FeCl_Dar  is  ''-2.6.  while  the  equilibrium  constant  of  the 
dissociation  reaction  for  the  sodium  fer^icnloride  is  tl3.  Ac¬ 
cording  to  their  data,  the  vapor  pressures  above  these  ferrichlor- 
ides  are  expressed  by  the  equations 


log/W.,- 7.496- -52.‘  ,  50*K<T< IJOJFK). 


Pk«o.  -  -  -SLL  (350*K  <  T  <  l 100*10. 


(116) 

(117) 


According  to  N.K.  Druzhinina  [7,  page  225],  the  vapor  pres¬ 
sures  of  aluminum  chloride  and  ferric  chloride  above  their  solu¬ 
tions  in  titanium  tetrachloride  are  substantially  higher-  than 
those  calculated  from  Raoult's  law.  Ferric  chloride  sharply 
lowers  the  vapor-  pressure  of  aluminum  chloride  above  the  ternary 
mixture.  At  the  same  time,  the  partial  pressure  of  the  ferric 
chloride  vapor  rises  in  the  presence  of  aluminum  chloride. 
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Equilibrium  liquid-vapor  diagrams  for  the  TiCl^-SiCl^ , 
TiCl^-CCljj ,  and  TiCl^-CClgCOCl  systems  [28,  29]  indicate  that 
these  systems  are  practically  ideal  in  the  composition  region 
neighboring  on  pure  TiCl...  The  TiCl  ^-CH^ClCCd  system  has  an 
azeotrope  containing  87$  (molar)  of  CHgCICOCI  with  a  boiling 
point  of  105°C  [29].  The  TiCl^-VOCl^  system  is  nearly  ideal  [30]. 
The  volatility  ratio  V’OCi_/TiCij|  is  l.Y  at  small  vot’l^  concen¬ 
trations  [7,  page  195].  The  vapor  pressure  of  titanium  oxychlor¬ 
ide  TiOCl^  above  its  solution  in  titanium  tetrachloride  at  i3o°C 
is  very  low,  at  1  mm  Hg  at  a  3*  TiOClj  concentration  in  the 
liquid  [7,  page  195].  The  relative  volatility  of  titanium  tetra¬ 
chloride  and  TiOCi„  is  about  30. 
e. 

Technology  of  Condensation  of  Chlorination  Products 


Condensing  the  chlorination  products  from  the  titanium  raw 
material  is  an  extremely  complex  matter  for  which  no  fully  satis¬ 
factory  industrial-scale  equipment  solution  has  been  found.  The 
complexity  of  the  apparatus  used  for  this  conversion  results  from 
the  3harp  differences  between  the  melting  points  of  the  chlorides 
that  are  formed.  However,  their  boiling-point  differences  facili¬ 
tate  purification  of  the  titanium  tetrachloride  during  the  conden¬ 
sation  process .  All  presently  known  condensation  methods  except 
for  that  of  so-called  total  condensation  provide  for  collateral 
purification  of  the  titanium  tetrachloride  of  admixtures  of  less 
volatile  chlorides  that  are  solid  at  room  temperature.  This 
purification  is  done  either  by  fractional  condensation  (the  so- 
called  combination  and  dry  condensation  systems)  or  as  a  result 
of'  chemical  reaction  of  the  iron,  aluminum,  and  magnesium  chlcr- 
uH  th  alkali-metal  chlorides.  The  various  forms  of  condensa¬ 
tion  using  the  "salt'*  methods  to  purify  the  vapor-gas  mixture  fall 
into  the  latter  category . 


In  the  "total"  condensation  system,  all  chlorides  leaving 
the  chlorinator  in  the  vapor  state  are  condensed  together  as  a 
result  of  irrigation  of  the  vapor-gas  mixture  with  cooled  liquid 
technical  titanium  tetrachloride.  The  result  is  a  pulp  in  which 


chlorides  that  are  solid  at  room  temperature  are  suspended  in 


As  we  noted  above,  this  condensation,  system  does  not 
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provide  for  separation  of  the  chlorides  In  the  condensation  proc¬ 
ess.  Hence  all  of  the  difficulties  associated  with  the  purifica¬ 
tion  of  titanium  tetrachloride  are  postponed  to  later  operations. 
Because  of  this  deficiency,  this  condensation  system  has  not  yet 
come  into  industrial  use  for  chlorination  of  multicomponent 
titanium  raw  materials. 


brine 


to  hvdrolyeiit 

Figure  33-  Diagram  of  combination  condensa¬ 
tion  system.  1)  Electric  shaft  furnace j  2) 
charging  hopper;  3)  hollow  condenser;  ") 
sprinkler  condenser;  5)  circulating-pump 
condenser  ;  6)  water-cooled  condenser;  7) 
brine-cooled  condenser;  8)  trap;  9)  slime 
worm  conveyor;  10)  titanium  tetrachloride 
collector;  11)  submersible-pump  tank;  12) 
electric  shaft  furnace  for  pulp  processing; 

13)  thickeners;  l1!)  container. 

Figure  33  presents  a  diagram  of  a  combined-type  condensation 
system.  Vapor-gas  mixture  from  the  chlorinatcr  first  proceeds  to 
a  system  consisting  of  two  series-connected  hollow  condensers , 
which  serve  to  cool  the  mixture  and  trap  condensed  chloride  par¬ 
ticles  and  dust  (the  so-called  "sublimates”).  The  "sublimates" 
settle  on  the  condenser  walls,  from  which  they  trickle  into 
buckets  hung  underneath  the  equipment,  which  are  periodically 
emptied  as  the  sublimates  accumulate.  "Sublimates"  that  are  not 
trapped  in  the  hollow  condensers  accompany  the  titanium  tetrachlor¬ 
ide  vapors  into  the  sprinkler  condenser.  Titanium-  and  silicon- 
tetrachloride  vapors  that  are  not  trapped  in  the  sprinkler 
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condenser  are  scavenged  out  in  tubular  condensers  irrigated  with 
brine  at  -10°C.  Prom  this  condenser,  the  gases  pass  through  a 
trap,  which  collects  chloride  droplets,  ore  neutralized  in  a 
sanitary  scrubber,  and  then  released  into  the  atmosphere.  The 
temperature  distribution  of  the  vapor-gas  mixture  over  the  var- 
louc  units  of  scjuipsisnt  is  us  follows ;  At  ths  sntry  into  ths 
first -hollow  condenser  500-600°Cj  at  the  exit  from  the  first  con¬ 
denser  300-350°C;  at  the  exit  from  the  second  condenser  120-180°C. 
Accordingly,  the  high-boiling  magnesium,  calcium,  manganese,  and 
ferrous  chlorides  are  deposited  for  the  most  part  in  the  first 
condenser.  The  second  condenses  ferric  chloride  and  aluminum 
chloride.  Slnoe  the  initial  condensation  temperature  of  the 
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mixtures,  the  "sublimates"  condense  directly  in  the  form  of  solid 
products,  bypassing  the  liquid  state.  However,  when  titanium 
slags  are  chlorinated  in  a  fused-salt  medium  with  a  high  potassium 
chloride  content,  semifused  and  even  liquid  “sublimates"  form  in 
the  hollow  condensers.  This  phenomenon  apparently  results  from 
volatilization  -of  the  complex  compounds  KFeCl^  and  KAICI^  from 
the  salt  melt;  these  readily  fusable  and  comparatively  nonvola¬ 
tile  substances  condense  in  the  liquid  state  in  the  hollow  con¬ 
densers  . 


A  lining  of  these  sublimates  builds  up  on  the  condenser 
walls.  This  sublimate  layer  has  low  thermal  conductivity.  The 
result  xd  xuNvr  upvi-«vxiig  efficiency  of  the  hollow  condensers 
[the  average  coefficient  of  heat  transfer  from  the  yapor-gas  mix¬ 
ture  to  the  outside  air  is  2.5  kcal/m‘V(h.deg)].  P.P  Khomyakov 
established  the  coefficient  of  thermal  conductivity  of  the  sub¬ 
limates  as  a  function  of  their  temperature,  bulk  mass,  and  com¬ 
position  [40].  The  walls  of  the  hollow  condenser  are  cleaned  with 
scrapers  carried  by  a  rotating  shaft  that  extends  along  ths  cen¬ 
terline  of  the  apparatus.  The  scrapers  are  pressed  against  the 
buildup  on  the  wall  by  their  own  weight,  which  is  sufficient  to 
remove  the  sublimates.  For  protection  against  exposure  to  chlor¬ 
ine,  the  top  of  the  first  condenser  is  lined  internally  with  dia¬ 
base  tile  or  refractory  concrete.  The  bottom  of  the  first 
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condenser  and  the  second  condenser  are  unlined, 
acts  as  a  protective  lining. 


Here  the  buildup 


To  increase  the  cooling  area*  the  hollow  condensers  are  some¬ 
times  replaced  by  clustercd-pipe  coolers,  each  with  up  to  14  0.5- 
m-dlameter  tubes. 

The  sprinkler  condenser  is  a  tube  within  a  tube.  The  tubes 
are  Joined  at  the  bottom  by  a  common  taper.  The  vapor-gas  mix¬ 
ture  first  enters  one  tube,  descends  through  it,  and  enters  the 
other  through  the  connecting  taper.  It  then  rises  through  this 
tube  and  is  directed  to  the  cooling  condenser.  Liquid  titanium 
tetrachloride  is  used  for  cooling  and  condensation;  it  is  fed 
continuously  into  the  sprinkler  condenser  through  nozzles  at  the 
top  of  each  tube.  These  nozzles  atomize  the  liquid  titanium 
tetrachloride,  setting  up  vigorous  heat  exchange  between  it  and 
the  vapor-gaa  mixture.  The  pulp  formed  in  the  sprinkler  conden¬ 
ser  drains  through  a  special  pipe  in  the  connecting  taper  into 
the  submersible-pump  tank. _  The  pump  picks  up  the  titanium  tetra¬ 
chloride  from  this  tank,  passes  it  through  a  cooled  pipeline,  and 
returns  it  to  the  nozzles.  The  excess  titanium  tetrachloride 
drains  by  gravity  from  the  tank  into  a  Dorr  thickener.  The  upper 
discharge  from  the  thickener,  which  is  clarified  titanium  tetra¬ 
chloride,  goes  for  further  purification.  The  residue  of  solid 
chlorides  in  titanium  tetrachloride  that  drains  out  at  the  bottom 
of  the  thickener  goes  to  an  ESP  [shakhtnaya  elektropech’ ;  elec¬ 
tric  anart  furnace]  vaporizer  in  wnicn  the  titanium  tetrachloride 
is  driven  off.  This  furnace  is  also  charged  with  sodium  chloride. 
Heating  at  500°C  drives  the  titanium  tetrachloride  out  of  the 
solid  chlorides,  and  it  is  sent  for  purification  after  condensa¬ 
tion.  The  mixture  of  solid  chlorides  with  sodium  chloride  forms 
a  salt  melt  at  500°C.  Here  the  iron  and  aluminum  chlorides  are 
bound  into  the  leas  volatile  sodium  aluminochloride  and  ferri- 
chloride  and  thus  separated  from  the  titanium  tetrachloride.  The 
fused  chlorides  from  the  ESP  vaporizer  are  removed  periodically 
through  a  tap  hole  and  may  be  sent  for  reprocessing  with  the  ob¬ 
ject  of  utilizing  the  chloride  ion. 
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In  the  so-called  "dry”  condensation  system,  the  position  of  . 
the  irrigating  scrubber  after  the  hollow  condensers  is  taken  by 
a  bag  filter.  The  function  of  this  filter  is  to  remove  condensed 
dustlike  solid  chlorides  from  the  titanium  tetrachloride  vapor, 
which  then  condenses  either  in  a  sprinkler  condenser  or  tube 
coolers.  Hie  solid  chlorides  that  settle  on  the  bags  are  re¬ 
moved  from  them  by  shaking  or  by  reverse  flushing  with  process 
gases.  For  a  bag  filter  to  perform  successfully,  a  stable  tem¬ 
perature  not  much  higher  than  the  dew  point  of  titanium  tetra¬ 
chloride  must  be  maintained  in  it.  Excessively  high  temperatures 
of  the  vapor-gas  mixture  in  the  bags  increases  the  "penetration" 
of  aluminum  chloride  vapor,  which  contaminates  the  titanium  tetra¬ 
chloride  with  solid  admixtures.  Moreover,  raising  the  temperature 
above  180°C  tends  to  rot  the  filter  cloth.  Lowering  it  below  the 
dew  point  of  titanium  tetrachloride  is  Inadmissible,  since  it 
causes  titanium  tetrachloride  vapor  to  condense  in  the  bag  filter. 
As  a  result,  the  filter  fabric  becomes  coated  with  a  viscous  film. 
It?  re?ist?i!c?  tf?  of  the  gases  rises  and  the  process  must 

be  stopped  because  of  excessive  pressure  in  the  condensation 
system.  When  a  chlorine-air  mixture  containing  60*  Clg  is  used 
as  a  chlorinating  agent,  bag-filter  temperatures  are  held  at 
about  1209C.  In  chlorination  with  vaporized  chlorine,  the  dew 
point  of  the  titanium  tetrachloride  rises  and  the  temperature  in 
the  filter  must  bo  increased  accordingly. 


After  the  filter,  the  gases  have  a  dust  content  of  1.5-2 


«!«•  »  ^ - .  —  no  cr%m  ^  1  «..k1  4ms!.** 

111C  A  libtfr  tw-ywji  Vi  an  ouviimawop « 


50-60*  are  trapped  In  the  hollow  condensers.  The  filtration  area 

'  p 

per  ton  of  titanium  tetrachloride  per  day  is  about  6-7  m  . 


As  we  noted  above,  the  walls  of  the  hollow  condensers  become 
coated  during  operation  with  a  layer  or  sublimates  shat  has  low 
thermal  conductivity.  As  a  result,  the  condensation  system  of  a 
high-output  chlorinator  occupies  considerable  plant  floor  space. 
By  way  of  stepping  up  the  cooling  process  for  the  vapor-gas  mix¬ 
ture,  it  has  been  proposed  that  liquid  titanium  tetrachloride  be 
injected  into  the  vapor-gas  mixture  at  the  exit  from  the  chlori¬ 
nator.  Process  gases,  l.e.,  gases  tapped  from  the  condensation 
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system  beyond  the  tubular  cooler,  may  also  be  blown  into  the 
vapor-gas  mixture  for  this  purpose.^  However,  neither  method  Is 
efficient  enoughs  and  both  require  dilution  of  the  vapor-gas  mix¬ 
ture.  This  makes  subsequent  condensation  of  the  titanium  tetra¬ 
chloride  vapor  more  difficult  and  increases  the  area  occupied  by 
the  "tail-end"  units  of  the  condensation  system. 

The  combined-type  condensation  system  is  extremely  cumber¬ 
some,  since  it  requires  the  use  of  numerous  units  for  the  tetra¬ 
chloride-pulp  processing  stage.  The  "dry"  system  is  somewhat 
more  compact.  However,  substantial  difficulties  are  encountered 
in  attempts  to  build  a  workable  bag  filter.  Glass  cloth,  which 
fails  frequently,  is  used  as  the  filtering  material.  Additional 
time  is  required  for  replacement  of  the  bags. 

There  are  several  versions  of  the  condensation  system  using 
chemical  purification  of  the  vapor-gas  mixture  to  remove  high- 
boiling  chlorides.  Purification  is  either  by  bubbling  the  vapor- 
gas  mixture  through  fused  FeCl,  and  A1C1,  containing  an  excess  of 
alkali-metal  chloride ‘'or  by  passing  it  through  a  packing  com¬ 
posed  of  fragments  of  alkali-metal  chlorides.3'  The  iron  ar.d 
aluminum  chlorides  are  then  bound  into  less  volatile  and  readily 
fusable  complex  compounds,  which  are  thus  separated  from  the  ti¬ 
tanium  tetrachloride.  The  less  volatile  chlorides  of  calcium, 
magnesium,  and  manganese  are  also  trapped  by  the  resulting  melt. 
Purified  of  solid  impurities,  the  titanium  tetrachloride  vapor  oar. 
be  liquefied  in  cooling  condensers.  The  bubbling  process  is  less 
sensitive  to  clogging  of  the  equipment  by  dusty  impurities  (car¬ 
bon  and  oxide  particles).  However,  the  salt  packing  permits  more 
thorough  purification  of  the  vapor-gas  mixture  and  offers  less 
resistance.  In  the  salt-packing  version,  the  temperature  of  the 
vapor-gas  mixture  at  tne  entry  into  the  salt  bath  must  be  held 
between  450  and  50o*C,  and  the  exit  temperature  between  150  and 
200° C.  In  purification  by  bubbling  through  fused  salts,  the  melt 
temperature  is  held  at  200-250°C. 

Purification  Technology  of  Titanium  Tetraehlprld* 

The  technical  titanium  tetrachloride  arriving  for  purifica¬ 
tion  contains  about  1%  suspended  solid  matter.  Also  present  in 
Footnotes  (1),  (2),  and  (3)  appear  on  page  217. 
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it  are  small  amounts  of  dissolved  impurities:  vanadium  oxytri- 
ohloride,  aluminum  chloride,  ferric  chloride,  silicon  tetrachlor¬ 
ide,  titanium  oxychloride,  elementary  chlorine,  phosgene,  hexa- 
chloroben*oi,  ohlerossstyl  chlorides,  and  a  number  of  other  im¬ 
purities,  The  renewing  are  concentration  values  for  these  im¬ 


purities  converted  to  the  elements  or  the  corresponding  compounds , 
in  %  (by  mass):  0,03-0.1  V;  0.01-0.1  Alj  <0.02  Fe;  0.01-0.3  Si; 
0.011-0.5  TiOCl2;  0.03-0.15  ClgjO.lS  COClg.  To  produce  a  high- 
quality  metal,  the  titanium  tetrachloride  is  subjected  to  a  puri¬ 
fication  process  whose  flow  chart  appears  in  Pig.  34. 
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Figure  34.  Flow  chart  of  titanium  tetra¬ 
chloride  purification. 

The  titanium  tetrachloride  is  first  purified  of  aluminum 
chloride  and  vanadium  oxychloride.  Both  operations  are  performed 
in  the  same  apparatus  at  room  temperature.  The  aluminum  is  re¬ 
moved  fro®  the  titanium  tetrachloride  by  selective  hydrolysis. 

Por  this  purpose,  the  titanium  tetrachloride  is  treated  in  a 
sealed  reactor  fitted  with  a  stirrer  with  a  small  amount  of  mois¬ 
tened  sodium  chloride  or  carbon.  The  result  is  that  the  aluminum 
chloride  forms  aluminum  oxychloride,  which  is  practically  insolu¬ 
ble  in  titanium  tetrachloride.  The  amount  of  moisture  introduced 
must  be  slightly  greater  than  stoichiometric: 
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A  large  moisture  excess  is  detrimental,  since  it  results  in  addi¬ 
tional  titanium  losses  through  formation  of  the  metal's  oxyohlor- 


TrCi,  +  H.0  =  TiOCI,  +  2HCI. 


(119) 


Removal  of  aluminum  from  TlCl^  with  moistened  carbon  always  in¬ 
volves  contamination  of  the  TiCl^  by  oxygen,,  and  this  is  a  major 
deficiency  of  this  purification  method. 

After  purification  of  aluminum,  the  titanium  tetrachloride 
is  purified  of  vanadium  oxychloride.  Selective  reduction  of  the 
vanadium  oxychloride  by  powdered  copper  is  used  for  this  purpose. 
The  amount  of  copper  powder  used  is  about  0.3?  of  th*  ■***  of  the 
technical  titanium  tetrachloride.  Since  the  vanadium  oxychloride 
concentration  is  low  and  titanium  tetrachloride  reacts  vigorously 
with  copper  powder,  it  must  be  assumed  that  the  direct  reducing 
agent  in  this  process  is  not  the  copper  itself,  but  the  complex 
salt  of  titanium  trichloride  with  cuprous  chloride.  The  copper- 
vanadium  cake  formed  as  a  result  of  purification  contains  up  to 
5?  vanadium  and  can  be  used  as  a  raw  material  for  the  preparation 
of  pure  vanadium  reagents.  The  cake  is  cemsntable.  Thus  the 
purified  titanium  tetrachloride  is  removed  from  the  apparatus  with 
continuous  agitation  and  filtered  through  glass  cloth. 

After  filtering,  the  titanium  tetrachloride  contains  <0.01? 
of  aluminum  and  vanadium.  It  then  goes  for  purification  of  sili¬ 
con  tetrachloride  and  most  of  the  dissolved  gases.  These  com¬ 
pounds  are  removed  by  rectification. 

Steel  columns  with  slotted  grid  plates  are  normally  used  for 
rectification.  The  plate  slot  width  is  3  mm  and  the  open  slot 
area  represents  17-19?  of  plate  area.  The  distance  between  plates 
is  250-350  mm.  The  total  mrtber  of  plates  ranges  from  30  to  *0. 

At  a  column  diameter  of  600  mm  and  a  reflux  ratio  of  3-#  in  the 
distillation  section,  column  productivity  is  2.5  tons/h  of  puri¬ 
fied  titanium  tetrachloride. 
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The  purified  tetrachloride  Is  withdrawn  at  the  bottom  of  the 
column,  while  the  silicon  te* rachloride  is  removed  from  the  reflux 
section  in  the  form  of  a  distillate.  The  dissolved  gases  are  with¬ 
drawn  from  the  refluxer  through  a  hydroseal  filled  with  distillate, 
which  serves  to  prevent,  entry  of  atmospheric  moisture  into  the 
rectification  column.  The  purified  titanium  tetrachloride  con¬ 
tains  <0.01J  Si.  The  silicon  tetrachloride  usually  contains  20- 
50 *  of  TiCljj. 

The  last  operation  is  to  purify  the  titanium  tetrachloride  of 
the  titanium  oxychloride  and  other  products  of  incomplete  chloride 
hydrolysis.  This  i3  done  by  rectification  in  grid-plate  or  packed 
columns.  The  less  volatile  products  of  incomplete  hydrolysis  are 
accumulated  in  the  vat  of  the  column,  fros  which  they  arc  peri¬ 
odically  pumped  as  a  pulp  with  titanium  tetrachloride,  filtered, 
and  dumped. 

After  passage  through  all  purification  stages,  the  titanium 
tetrachloride  is  taken  off  in  the  form  of  a  distillate  containing 
about  0.004*  V;  0.006*  Si}  0.004*  Fe;  0.004*  Al,  and  0.001-0.002* 
O. 
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^ilurefabrik  Schweizerhall.  British  patent  No.  716, 681, 
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“Consolidierte  Alkaliwerke.  German  patent  No.  628,953, 
1936. 

%.V.  Seryakov  and  A.P.  Masterova.  Author's  certificate 
(USSR)  No.  116,207,  1958. 
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METALLOTHERMIC  REDUCTION  OF  TITANIUM  COMPOUNDS 
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Chapter  11 

GENERAL  INFORMATION  ON  THE  PROCESS  ANO  THE 
PROPERTIES  OF  TITANIUM,  SODIUM, 

MAGNESIUM,  AND  THEIR  COMPOUNDS 

The  reduction  of  titanium  tetrachloride  by  magnesium  or 
sodium  and  the  reduction  of  titanium  oxides  by  calcium  (calcium 
hydride)  and  aluminum  are  the  processes  of  greatest  theoretical 
and  practical  interest. 

The  industrial  production  of  titanium  is  presently  based  oh 
the  reduction  of  titanium  tetrachloride  by  magnesium  (magnesio- 
thermic  method)  or  sodium  (sldiothermic  method). 

In  the  former  case,  the  reduction  products  —  titanium 
sponge,  magnesium,  and  magnesium  chloride  —  are  usually  sepa¬ 
rated  by  distilling  the  magnesium  and  magnesium  chloride  out  of 
the  titanium  sponge  at  about  1000°C  with  reactor  residual  pres¬ 
sures  varying  from  a  few  millimeters  of  mercury  at  the  beginning 
of  the  process  to  a  few  microns  at  the  end  of  the  process  (in  the 
so-called  vacuum-separation  process). 

In  the  latter  case,  the  reduction  products  —  titanium  sponge, 
si  Hum  chloride,  and  a  small  amount  of  unreacted  sodium  —  are 
separated  by  leaching  the  reaction  mass  obtained  after  reduction 
with  a  dilute  hydrochloric  acid  solution  (the  so-called  hydro- 
metallurgica^  method). 
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A  titanium  sponge  with  a  low  oxygen  content  cannot  be  ob¬ 
tained  by  reduction  of  titanium  oxides  with  aluminum  and  calcium 
(calcium  hydride)  because  of  the  inadequate  affinity  of  these  re¬ 
ducing  agents  to  oxygen  and  the  high  solubility  of  aluminum  and 
calcium  in  the  reduced  titanium.  Further,  the  acquisition  of 
titanium  sponge  of  adequate  purity  with  respect  to  other  admix¬ 
tures  (other  than  oxygen)  requires  the  use  of  titanium  oxides  of 
higher  purity  than  the  titanium  tetrachloride  normally  used  for 
this  purpose.  At  the  present  time,  there  are  no  industrial  proc¬ 
esses  for  the  production  of  titanium  oxides  of  purity  approaching 
that  of  the  titanium  tetrachloride  used  to  obtain  the  metal. 

It  appears  that  as  such  methods  are  developed  in  the  future, 
the  production  of  extremely  pure  titanium  oxides  will  cost  more 
than  that  of  titanium  tetrachloride  of  the  same  purity.  Thus  the 
aluminum  and  calcium  reduction  of  titanium  oxides  that  have  not 
been  specially  purified  may  be  useful  for  the  production  of  non- 
structural  titanium,  titanium-based  master  alloys,  and  materials 
suitable  for  subsequent  purification  of  oxygen,  as  by  electro¬ 
lytic  refinement. 

Reduction  of  sodium  and  potassium  flurotitanates  is  also 
app’icable  to  a  very  limited  degree,  chiefly  because  of  the  high 
cost  of  th~se  compounds  and  the  complexity  of  separating  the  re¬ 
duction  products  and  regenerating  the  fluorine. 

The  high  chemical  activity  of  titanium  at  elevated  tempera¬ 
tures  and  the  technological  difficulties  that  attend  the  reduction 
of  titanium  compounds  made  it  impossible  until  comparatively  re¬ 
cently  to  obtain  sufficiently  reliable  data  on  the  thermodynamic 
properties  of  this  metal  and  its  chemical  compounds. 

Only  after  improvement  of  the  magneslo-  and  sodiothermic 
methods  of  reducing  titanium  and  development  of  the  iodide  method 
did  it  become  possible  to  obtain  adequate  amounts  of  relatively 
pure  metal. 

Thus,  in  evaluating  the  highly  contradictory  data  from  var¬ 
ious  authors  on  the  thermodynamic  properties  of  titanium  and  its 
compounds,  it  is  necessary  to  give  special  attention  to  tne  method 
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Temperature,  °C~ 

Figure  35.  iBobaric-isothermal  potential#  of 
formation  of  titanium,  magnesium,  sodium ,  and 
calcium  compounds. 


used  to  prepare  tha  specimens  of  titanium  and  its  compounds,  their 
chemical  purity,  and  tha  mathods  that  the  authors  used  to  obtain 
the  thermodynamic  characteristics. 

Systematised  data  on  the  thermodynamic  properties  of  titanium 
and  its  compounds  are  given  in  [1-6,  12  and  13]. 

Table  29  gives  the  values  that  appear  to  be  most  reliable  at 
the  present  time  for  the  thermodynamic  properties  of  titanium  and 
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some  of  its  compounds.  These  data  Kill  be  used  below  in  the 
thermodynamic  calculations  pertaining  to  the  thermal  metallurgy 
of  titanium. 

To  permit  evaluation  of  the  affinity  of  titanium  to  oxygen, 
nitrogen,  carbon,  and  the  halogens,  Pig.  35  shows  temperature 
curves  of  the  isobarlc-isothermal  potentials  of  the  compounds, 
which  have  a  bearing  on  processes  for  the  metallcthermic  reduc¬ 
tion  of  titanium.  The  isobarlc-isothermal  potentials  were  calcu¬ 
lated  by  the  method  originally  proposed  by  M.I.  Temkln  and  L.A. 
Shvartsman  [15]. 

The  method  has  been  modified  to  some  degree  for  calculation 
of  the  quantities  in  which  we  are  Interested.  The  calculation  was 
carried  out  by  the  equations 

&HU 

(1) 

where  Aa,  Ab,  Ac,  and  Ae  are  the  slopes  of  the  temperature-curve 
equations  of  heat  capacity  for  the  substances  participating  in 
the  reaction;  MQ,  N^,  and  M_2  are  the  temperature  coeffi¬ 
cients  whose  values  are  given  in  Pig.  36,  and  Tf  is  the  phase- 
transformation  temperature. 

Equation  (1)  and  the  values  of  the  coefficients  MQ,  M1 ,  M2, 
and  M_2  are  valid  for  calculation  of  the  isobarlc-isothermal  po¬ 
tentials  of  all  chemical  reactions. 

Me  see  .ro*  Pig.  35  that  the  oxides,  chlorides,  and  fluorides 
of  titanium,  including  its  lower  chlorides,  have  high  chemical 
stability  in  the  temperature  range  from  200  to  l600°C,  with  the 
result  that  the  strongest  reducing  agents,  such  as  calcium, 
sodium,  magnesium,  etc.,  must  be  used  to  reduce  them. 

An  exception  is  titanium  monochloride  (T1C1),  whose  enthalpy 
of  formation  under  standard  conditions  is  plus  122  kcal/mole,  a 
figure  that  indicates  its  low-temperature  instability  [A,  10].  At 
temperatures  above  800°C,  titanium  monoehlorlde  is  detected  spec¬ 
trally  in  the  gaseous  phase  [A,  8,  20,  28-30]. 
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Thermodynamic  Properties  of  Titanium,  Magnesium,  Sodium,  and 
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•^■Temperature  and  heat  of  sublimation. 

2 

•  Assumed  to  be  the  same  as  for  TiCl,.. 

•JAccording  to  [11],  in  the  range  from  ut-iorc at*- «?;*  +  «».»«  r- 

ut.uryr 

•^According  to  [1],  at  «4**ca**-n»»-«».»r. 

The  value  given  in  Table  29  for  the  enthalpy  of  formation  of 
magnesium  monoehloride  MgCl  was  calculated  by  the  thermochemical 
rule  of  logarithms  as  the  mean  between  the  enthalpies  for  forma¬ 
tion  of  NaCl  and  A1C1;  the  entropy  cf  MgCl  was  calculated  after 
V.M.  Latimer  [10]j  the  specific  heat  of  MgCl  was  assumed  to  be 
the  same  as  that  of  NaCl.  Thermodynamic  data  for  MgCl  are  given 
by  Kelley  [31]  and  Sandler  [32]- 

As  we  see  from  Pig.  35,  titanium  has  the  strongest  affinity 
to  chlorine,  fluorine,  and  oxygen  in  the  compounds  TiCljj,  TiP^, 
and  TiO.  The  very  high  affinity  of  titanium  to  oxygen  in  the 
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Some  of  their  Compounds  Under  Standard  Conditions 
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monoxide,  which  is  formed  on  reduction  of  higher  oxides  of  titan¬ 
ium,  results  in  incomplete  reduction  of  these  oxides  even  when  a 
strong  reducer  such  as  calcium  is  used.  The  situation  is  further 
aggravated  by  the  fact  that  the  monoxide  formed  at  elevated  tem¬ 
peratures  as  a  result  of  reduction  of  higher  titanium  oxides  dis¬ 
solves  in  titanium. 

For  similar  reasons,  the  oxygen  content  in  the  titanium  can¬ 
not  be  lowered  beyond  1. 5-2.01  in  the  reduction  of  titanium  oxides 
by  magnesium  [17]. 

On  the  other  hand,  the  presence  of  small  quantities  of  oxy¬ 
gen  and  especially  of  nitrogen  in  titanium  are  sharply  detrimental 
to  its  mechanical  properties. 

Titanium  absorbs  hydrogen  actively  and  forms  solid  solutions 
and  hydrides  with  it.  The  solubility  of  hydrogen  in  titanium 
(with  solid-solution  formation)  is  about  1.0$;  the  hydrides  TiH 
and  TiH2  form  with  1.7-2. 3$  of  hydrogen  in  titanium  [17,  18].  In 
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Figure  36.  Values  of  the  coefficients 
Mq,  M, ,  M2,  and  M_2  at  various  tem¬ 
peratures  . 

contrast  to  oxygen  and  nitrogen,  almost  all  of  the  hydrogen  ab¬ 
sorbed  by  titanium  can  be  removed  from  the  metal  at  1000-1200° C 
and  a  residual  pressure  of  1  •  10  J  nun  Hg. 

Titanium  reacts  with  carbon,  CO,  COg,  and  other  carbon  com¬ 
pounds  at  elevated  temperatures,  a  result  of  which  in  the  extreme 
caae  is  the  formation  of  stable,  high-melting  titanium  carbides. 
Up  to  0.5%,  carbon  dissolves  in  titanium  forming  a  solid  solu¬ 
tion. 

At  elevated  temperatures,  titanium  reacts  and  forms  alloys 
with  iron,  aluminum,  silicon,  nickel,  chromium,  and  manganese; 
there  are  a  number  of  interraetallic  compounds  of  titanium  with 
these  metals  [17,  18]. 

Thus ,  we  see  that  contact  of  titanium  with  these  materials 
must  be  avoided  in  the  reduction  process,  since  they  will  other¬ 
wise  contaminate  the  metal.  Hence  the  high-temperature  reduction 
process  may  not  be  carried  out  in  equipment  lined  with  materials 
that  contain  oxides,  carbon,  nitrogen,  etc.  Only  beryllium  and 
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thorium  oxides  have  adequate  stability  with  respect  to  titanium 
at  elevated  temperatures. 

The  weaker  —  by  comparison  with  calcium,  sodium,  and  mag¬ 
nesium  —  affinity  of  titanium  to  chlorine  at  the  temperatures 
that  are  of  practical  interest  for  the  reduction  process,  the 
ready  availability  of  titanium  tetrachloride,  its  adequate  purity 
and  relatively  low  cost,  and  the  possibility  of  producing  high- 
grade  titanium  from  it  make  TlCl^  the  basic  raw  material  at  the 
present  time  for  the  metallothermic  reduction  of  titanium. 

A  factor  of  prime  importance  in  this  process  is  that  the 
titanium  tetrachloride  can  be  reduced  to  the  metal  by  3uch  common 
and  relatively  cheap  reducing  metals  as  magnesium  and  sodium. 
These  metals  are  practically  insoluble  in  titanium  [17,  18],  30 
that  the  titanium  is  more  completely  reduced  and  easier  to  sepa¬ 
rate  from  these  metals  on  completion  of  the  process;  nor  is  sepa¬ 
ration  of  the  magnesium  or  sodium  chlorides  formed  in  the  process 
from  the  reduced  titanium  a  matter  of  any  great  complexity. 

Table  20  lists  vapor  pressures  of  metals  and  compounds  that 
participate  in  titanium  metallothermic  reduction  processes,  ac¬ 
cording  to  Kelley  and  Man  [133-  The  vapor  pressures  of  the  lower 
titanium  chlorides  were  also  determined  in  [3,  5,  l4* ,  23,  25-27]. 
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Chapter  12 

REDUCTION  OF  TITANIUM  OXIDES 

Reduction  of  Titanium  01  oxide  by  Cal  clue 

Processes  In  which  the  oxides  are  reduced  by  aluminum  and 
silicon  are  now  In  extensive  use  for  the  production  of  various 
metals  and  alloys.  Alumino-  and  silicothenny  are  used  on  a  par¬ 
ticularly  broad  scale  to  produce  ferroalloys,  aluminum,  magnesium, 
and  other  nonferrous  and  rare  metals;  such  reducing  agents  as  mag¬ 
nesia^,  sodium,  '.^ium,  and  others  are  also  widely  used. 

A3  we  saw  from  Pig.  36,  calcium  has  the  strongest  affinity 
to  oxygen  among  these  metals.  This  makes  it  the  most  suitable 
reducing  agent  for  production  of  titanium  from  its  oxides. 

The  first  attonpt  to  reduce  titanium  dioxide  with  calcium 
was  made  in  1904  by  Khupert  [transliterated  from  Russian],  and 
another  in  1907  by  Burger.  Later,  in  1923,  Ruff  and  Brintzinger 
succeeded  in  reducing  titanium  dioxide  to  88?  by  this  method  [40]. 
The  reduction  of  TiO.,  by  calcium  in  a  steel  bomb  in  the  presence 
of  CaCl2  was  studied  by  Hardek  [2]. 

By  reducing  ViOg  with  calcium  in  a  fused  mixture  consisting 
of  75*  CaCl2  and  25?  BaCl2  at  750°C  in  an  argon  atmosphere,  Kroll 
obtained  a  product  that  was  found  to  contain  98?  metallic  titanium. 
This  metal  showed  good  hot  ductility,  but  was  cold-short  because 
of  its  content  of  unreduced  titanium  monoxide. 


Ki 

calciuj 
produc< 
reduce! 
tial  c< 
which  f 

G. 

with  d 
was  cor 
mospher 
leached 
90-98? 
also  re 
the  res 
though 

La 

better 
0.07?  0 
produce 

Be 

kcal/g- 
Metalli 
does  ca 
are  redi 
gen  pre: 
sharp  d« 

As 

tains  fi 
resultir 

Des 
the  difl 
cium  to 
of  titar, 

47  J.  W1 

reductic 


PTD-HC-  23-352-69 


rrD-HC-2 


Kubaschewski  and  Dench  report  that  when  T.1.C>2  is  reduced  by 
calcium  at  1000° C,  a  metal  containing  no  more  than  0.1*  0?  can  be 
produced  [43] .  According  to  other  investigators,  Ti02  cannot  be 
reduced  tc  the  metal  even  at  1200°C  in  the  presence  of  a  substan¬ 
tial  calcium  excess,  owing  tc.  the  formation  of  titanium  monoxide, 
which  has  a  strong  affinity  to  oxygen  [44]. 

G.A.  Meyerson  et  al.  reduced  T102  with  calcium  in  a  mixture 
with  CaCl-  and  BaCl2  taken  in  3:1  proportions  [45].  The  reaction 
was  conducted  at  about  1000° C  in  a  steel  bomb  with  an  argon  at¬ 
mosphere  and  a  50 “  calcium  excess.  The  resulting  product  was 
leached  in  10?  hydrochloric  acid  solution  and  then  contained 
90-98?  Ti  with  a  yield  of  75-80?  of  theory.  This  material  was 
also  reduced  by  calcium  in  the  presence  of  CaCl2  and  3aCl2,  with 
the  result  that  the  metal's  purity  wa3  raised  to  97.2-99-5?,  al¬ 
though  the  useful  yield  was  only  67?. 

Later  studies  of  the  calcium  reduction  of  T102  produced 
better  results.  It  was  shown  that  metal  containing  less  than 
0.07?  02  ar.d  having  a  terminal  elongation  of  up  to  30?  could  be 
produced  by  an  improved  calciothermlc  process  [17]. 

Because  of  its  strong  affinity  to  nitrogen  (Aziooo°C  “  ”20 
keal/g-atom) ,  calcium  absorbes  it  actively  on  exposure  to  air. 
Metallic  titanium  has  an  even  stronger  affinity  to  nitrogen  than 
does  calcium  (AZ“ 2730°C  “  *tc,4l/8"Otom) .  When  titanium  oxides 
are  reduced  with  calcium,  therefore,  practically  all  of  the  nitro¬ 
gen  present  in  the  calcium  goes  over  into  the  titanium,  to  the 
sharp  detriment  of  its  quality. 

As  a  rule,  specially  purified  vacuum-distilled  calcium  con¬ 
tains  from  0.05  to  0.15?  Ng.  Thus,  the  nitrogen  content  in  the 
resulting  titanium  is  also  increased  by  0.05-0.15?. 

Despite  the  high  cost  of  distillation-purified  calcium  and 
the  difficulties  noted  above  in  connection  with  the  use  of  cal¬ 
cium  to  reduce  Ti02,  it  is  reported  that  calclothermic  reduction 
of  titanium  oxides  is  in  use  in  Canada  on  an  industrial  scale  [17, 
47].  Without  elaborating,  Kroll  affirms  that  continuous  titanium 
reduction  is  easily  based  on  the  calclothermic  process  [52]. 
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The  reduction  of  Ti02  by  calcium  proceeds  in  accordance  with 
the  exothermic  reaction 

Ti0,  +  2C«-U4-2C«0  +  24,S  kcal  (2) 

This  reaction  is  usually  conducted  at  1000°C.  Then,  as  we 
see  from  Pig.  36,  the  affinity  of  calcium  for  oxygen  is  about 
120  kcal/g-atom,  while  the  affinity  of  titanium  to  oxygen  in  tn* 
mo3t  stable  oxide  TiO  is  ''dS  kcal/g-atom  lower  at  the  same  tem¬ 
perature.  This  indicates  the  thermodynamic  possibility  of  com¬ 
plete  calcium  reduction  of  TiO. 

However,  it  must  be  remembered  here  that  the  values  given 
for  the  free  energy  of  TiO  apply  for  the  cas_-  in  which  the  titan¬ 
ium  monoxide  is  in  .the  free  state.  On  the  other  hand,  the  titan¬ 
ium  monoxide  formed  in  the  calcium  reduction  of  TiO,  a  process  run 
at  about  1000°C,  forms  a  solid  solution  with  metallic  titanium. 

At  a  TiO  content  of  about  0.2*  in  the  solid  solution  and  tempera¬ 
tures  from  1000  to  1200°C,  the  thermodynamic  potential  of  forma¬ 
tion  of  the  Ti-0  bond  becomes  practically  equal  to  that  for  CaO, 
with  the  result  that  it  is  theoretically  impossible  to  reduce  Ti02 
to  an  oxygen  content  of  less  than  0.05-0.07*  in  the  titanium  [17, 
69].  Kelley  and  Man  present  the  following  data  on  the  equilibrium 
oxygen  content  in  titanium  for  calciothermic  reduction  of  titan¬ 
ium  oxides:  0.01*  at  627°C,  0.02*  at  727°C,  0.03*  at  927°C,  0.C5S 
at  1127°C,  and  0.10*  at  1273°C  [87]. 

An  excess  of  calcium  (25-50*)  over  theory  is  usually  used  to 
reduce  Ti0o  to  the  metal.  The  reaction  goes  practically  to  com¬ 
pletion  at  1000-1100°C,  temperatures  at  which  there  is  good  con¬ 
tact  between  the  calcium  and  the  reducing-oxide  particles  as  a 
result  of  the  high  fluidity  of  calcium  at  1000-1100° C  and  its  ap¬ 
preciable  vapor  pressure  (Piqoo0C  "  11  mm 

At  temperatures  above  1300°C,  the  calciothermic  reduction  of 
Ti02  is  complicated  by  the  formation  of  calcium  tltanate,  which 
cannot  be  removed  effectively  from  the  resulting  reaction  mixture 
by  acid  leaching  [47]. 

The  calcium  oxide  formed  in  the  reduction  process  is  an  ob¬ 
stacle  to  the  formation  of  large  titanium  particles,  so  that  a 
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metal  powder  with  particle  sizes  of  a  few  microns  is  obtained.  On 
subsequent  leaching  of  the  reaction  mass,  this  powder  oxidizes 
readily  and  is  contaminated,  so  that  high-grade  metal  cannot  be 
obtained. 

Calcium  chloride  or  a  eutectic  mixture  of  calcium  chloride 
with  barium  chloride,  which  melts  at  600°C,  is  added  to  the 
Initial  charge  as  a  flux  to  produce  coarser  powder.  At  1000°C, 
the  solubility  of  CaO  in  CaCl2  and  in  the  CaCl2-BaCl2  eutectic 
mixture  is  about  255.  Usually,  calcium  chloride  is  introduced  in 
the  proportions  necessary  to  convert  all  of  the  CaO  that  is  formed 
into  the  compound  2CaO*CaCl2.  When  the  CaO  dissolves  in  the  flux 
added  to  the  reactor,  the  high-melting  CaO  phase  vanishes,  and 
this  helps  aggregate  the  reduced  titanium  into  particles  up  to 
100  pm  in  size.  Another  effect  of  adding  CaCl2,  apart  from  dis¬ 
solving  the  CaO,  consists  in  the  fact  that  only  205  of  the  cal¬ 
cium  and  a  certain  quantity  of  TiOg  are  dissolved  in  the  fused 
CaClg  at  1000°C,  so  that  TiCl^  forms  in  the  melt  by  the  reaction 

TiOb  +  2C^I,^TCl4+ 20(0. 

Despite  the  fact  that  the  equilibrium  TiCl^  concentration 
in  the  melt  is  insignificant  owing  to  the  presence  of  dissolved 
calcium  in  it,  the  reaction 

•nci4+ci«TM-2c«a*  (3) 

which  accelerates  reduction,  proceeds  continuously  and  favors 
more  complete  reduction  of  the  titanium  and  formation  of  caarse 
particles  of  the  reduced  metal. 

To  prevent  oxidation  and  nitriding  of  the  calcium  and  titan¬ 
ium,  the  calcium  reduction  of  TiOg  is  usually  conducted  in  a 
sealed  reactor  made  from  heat-resistant  steel.  Argon  is  fed  into 
the  reactor  after  loading  the  briquetted  charge  and  evacuating  the 
air.  To  prevent  sublimation  of  tha  calcium  out  of  the  reaction 
zone,  the  reactor  is  enclosed  in  a  special  sealed  furnace  and  an 
excess  argon  pressure  is  created  in  it. 

When  'che  reaction  is  complete,  the  reactor  is  held  at  1000- 
1100°C  for  about  1  hour  to  complete  the  reduction  of  the  oxides; 
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the  reactor  is  then  extracted  from  the  furnace  and  the  reaction 
mass  unloaded  after  cooling.  The  reaction  mass  is  ground  and 
treated  with  a  large  excess  of  cold  water  to  prevent  overheating 
of  the  material  during  hydrolysis  of  the  CaClg  ,  since  this  would 
result  in  sharply  lowered  quality  of  the  titanium  as  a  consequence 
of  its  high-temperature  oxidation.  The  water-leached  reaction 
mass  is  washed  with  dilute  hydrochloric  acid  until  all  of  the 
calcium  chloride,  calcium  hydroxide,  and  excess  metallic  calcium 
have  been  dissolved. 

When  dilute  hydrochloric  acid  is  used,  some  of  the  titanium 
is  lost  with  the  solution.  Nitric,  acetic,  formic,  and  other 
acids  may  be  used  Instead  of  hydrochloric.  Dilute  nitric  acid, 
which  has  a  passivating  effect  on  the  surface  of  titanium,  dis¬ 
solves  much  less  of  it  than  does  hydrochloric. 

The  washed  metallic  powder  is  again  washed  with  alcohol  and 
dried  in  a  vacuum  at  ^0-50°C.  When  the  powder  obtained  has  a 
grain  size  of  about  100  urn  and  the  reaction  mass  is  carefully 
treated,  it  is  possible  to  produce  titanium  of  99-99.5?  purity, 
with  the  remainder  chiefly  nitrogen,  oxygen,  iron,  etc.  With  very 
careful  processing  and  two-stage  reduction,  83  we  Indicated  above 
[43],  it  is  sometimes  possible  to  obtain  titanium  with  an  0?  con¬ 
tent  of  about  0.1?. 

However,  the  calciothermlc  method  can  hardly  be  expected  to 
produce  a  metal  containing  0.1?  Og  or  less  in  the  production  of 
titanium  on  an  industrial  scale. 

Calcium  hydride  may  be  used  instead  of  calcium  to  lower  the 
temperature  of  the  titanium-oxide  reduction  and  improve  the 
quality  of  the  titanium. 

The  calcium  hydride  method  of  reduction  has  been  elaborated 
by  Q.A.  Meyerson  et  al.  [50,  51],  Alexander  [533,  Khoks  [trans¬ 
literated  from  Russian3 and  others.  This  method  was  used  exten¬ 
sively  in  Germany  during  the  Second  World  War  in  the  preparation 
of  thermite  mixtures  [^9,  5^1- 

Calcium  hydride  is  usually  obtained  by  treating  calcium  with 
dry,  purified  hydrogen  at  i<00-600°C.  The  resulting  product  is 


easily  gj 
moisture 
powdered 

For 
ing  into 
charge  of 
also  nece 
than  a  po 

Calc 
temperatu 
calcium  h 

The  : 
is  exp res 

It  wi 
atomic  hy< 
in  the  re< 
the  calclv 
0. A.  Meyei 
agent  here 
and  to  son 
ducing  cap 
atomic  hyd 

As  a 
hydride  me 
titanium  p 
the  presen 
corrosion 
titanium  p 
gree  than 
mixture, 
is  99-5?  p 
form  of  ox 
washed  in 


PTD-HC-2 3-352-69 


PTD-HC-23- 


237 


4 


I 


reaction 
id  and 
cheating 
iis  would 
:onsequence 
‘action 
>f  the 
!  calcium 

titanium 
other 
c  add, 
un,  dis- 

ohol  and 
has  a 
fully 
purity , 
With  very 
ted  above 
n  02  con- 

ected  to 
tion  of 

ower  the 
the 

aborated 
[trans- 
sed  exten- 
paration 

cium  with 
uct  is 


easily  ground  into  a  powder.  On  interaction  with  atmospheric 
moisture,  calcium  hydride  decomposes  readily  —  especially  in  the 
powdered  form  —  by  the  reaction 

CrffI  +  SH/5-C9(OH),  +  2H,t.  (i|) 

For  this  reason,  measures  that  prevent  the  hydride  from  com¬ 
ing  into  contact  with  the  air  must  be  taken  in  preparing  the 
charge  of  calcium  hydride  with  the  oxide  to  be  reduced;  it  is 
also  necessary  to  use  CaHg  in  the  form  of  small  fragments  rather 
than  a  powder. 

Calcium  hydride  decomposes  into  its  component  elements  at 
temperatures  above  800° C.  The  equilibrium  hydrogen  pressure  above 
calcium  hydride  at  970°C  is  760  mm  Hg. 

The  net  reaction  in  which  Ti02  is  reduced  by  calcium  hydride 
is  expressed  by  the  equation 

TK\-f  XaH*»»TlH,  + 2C«0-f  HJ.  (5) 

It  was  assumed  that  as  a  highly  active  reducing  agent,  the 
atomic  hydrogen  liberated  on  the  decomposition  of  calcium  hydride 
in  the  reduction  of  TiOg  reduced  the  TiOg  to  the  metal,  and  that 
the  calcium  functioned  only  to  bind  the  oxygen  [12].  However, 

G.A.  Meyerson  et  al.  established  that  the  principal  reducing  re¬ 
agent  here  is  not  the  hydrogen,  but  the  calcium,  which  is  liquid 
and  to  some  extent  gaseous  at  the  reaction  temperature .  The  re¬ 
ducing  capacity  of  calcium  in  this  case  is  greater  than  that  of 
atomic  hydrogen  [6,  page  195;  513 ♦ 

As  a  rule,  the  titanium  hydride  produced  by  the  calcium 
hydride  method  consists  of  particles  finer  (3-5  U»)  than  the 
titanium  particles  obtained  by  calciothermic  reduction  of  TIOg  in 
the  presence  of  CaClg.  However,  owing  to  the  substantially  higher 
corrosion  resistance  of  titanium  hydride  as  compared  with  fine 
titanium  powder,  it  is  oxidized  and  nitrided  to  a  much  lesser  de¬ 
gree  than  titanium  powder  during  the  subsequent  leaching  of  the 
mixture.  As  a  rule,  the  washed  and  dried  titanium  hydride  powder 
is  99-51  pure  (with  the  remainder  for  the  most  psrt  oxygen  in  the 
form  of  oxide  films).  The  reaction  mixture  is  leached  out  and 
washed  in  the  same  way  as  in  the  calciothermic  method. 
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The  titanium  hydride  produced  in  this  way  is  pressed  into 
briquettes  and  sintered  at  about  600°C  in  a  vacuum.  During  sin¬ 
tering,  the  oxide  films  are  partially  reduced  by  atomic  hydrogen 
liberated  as  a  result  of  dissociation  of  the  titanium  hydride. 

The  sintered  metal  contains  substantially  smaller  amounts  of  oxy¬ 
gen  and  hydrogen  as  compared  with  the  initial  TAH-. 

The  calcium  hydride  process  is  conducted  at  800-1000° C  in 
equipment  made  from  heat-resistant  steel  and  similar  in  design  to 
the  equipment  used  for  the  ealciothermic  process.  After  evacua¬ 
tion,  the  reactor  is  filled  with  thoroughly  purified  and  dried 
hydrogen,  which  forms  the  atmosphere  for  the  reduction  process 
and  cooling  of  the  reaction  products  in  the  reactor. 

Powdered  titanium  hydride  may  be  used  to  make  billets  of 
compact  malleable  metal  or,  in  the  electrovacuum  industry,  as  a 
source  of  extremely  pure  hydrogen,  which  is  needed  to  fill  certain 
components .  A  method  for  reduction  of  Ti02  by  a  mixture  of  cal¬ 
cium  and  sodium  hydrides  in  a  melt  consisting  of  NaCl  and  CaCl2 
has  been  patented  in  the  USA  [133-  The  sodium  and  calcium  hydride 
are  prepared  at  800° C  by  nydrogenation  of  the  slurry  produced  by 
electrolyzing  a  mixture  of  CaClg  and  NaCl  and  containing  more  than 
20 f  of  metallic  calcium.  The  Ti02  reduction  reaction  is  conducted 
in  a  hydrogen  atmosphere  at  1000°C;  argon  is  fed  into  the  reactor 
at  the  last  stage  of  the  process  to  terminate  the  reaction.  The 
reaction  products  are  cooled  in  the  argon  atmosphere,  washed  with 
alcohol  and  dilute  acid,  and  then  dried.  Titanium  of  ab  'it  95* 
purity  can  be  obtained  by  this  method. 

Reduction  of  Titanium  Dioxide  by  Magnesium  and  Other  Reducing 
Agents 

The  ealciothermic  and  calcium-hydride  methods  examined  above 
are  predicated  on  the  use  of  expensive  reducing  agents,  to  the 
great  detriment  of  economy  in  the  production  of  titanium.  For 
this  reason,  many  attempts  have  been  made  to  use  more  readily 
available  reducing  agents  to  reduce  Ti02< 

One  of  the  most  active  and  relatively  cheap  reducing  agents 
is  metallic  magnesium. 
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However,  the  affinity  of  magnesium  to  oxygen  in  the  tempera¬ 
ture  range  of  practical  interest  (800-1000°C)  is  30  little 
stronger  than  that  of  titanium  for  oxygen  in  the  monoxide  that 

it  is  impossible  to  reduce  TiO.  to  the  metal  with  magnesium. 

^  2 

Research  done  by  various  authors  [51]  indicates  that  a  product 
containing  only  about  92-95?  Ti  is  obtained  when  TiOg  is  reduced 
by  magnesium,  and  that  the  rest  is  basically  lower  titanium  oxides. 
Thus,  reduction  of  a  material  containing  96.5?  Ti02  magne¬ 

sium  containing  0.02?  at  a  temperature  of  1000°C  and  an  Mg:  Ti02 
ratio  of  3:1  in  the  presence  of  CaCl2  and  BaClg  yields  a  product 
containing  93-93.2?  Ti,  2. 5-2. 7?  02,  0.54?  Mg,  0.01?  N2,  and  other 
impurities  [56]. 

Winkler  and  Schneider  established  that  TiO  is  formed  pre¬ 
ferentially  on  reduction  of  TiOg  with  magnesium  [44].  Kubaschew- 
ski  and  Dench  obtained  titanium  containing  <v2.5?  02  by  thi3  method 
[43],  In  Kroll’s  opinion,  magnesium  is  unsuitable  for  reduction 
of  T102  because  of  the  impossibility  of  removing  the  TiOg  and  MgO 
completely  from  the  reaction  mass  [59]* 

Research  was  done  in  1956  on  the  reduction  of  titanium  diox¬ 
ide  by  magnesium  and  calcium  in  two  stages  [60].  The  best  results 
were  obtained  under  the  following  conditions:  reduction  of  TiOg 
with  magnesium  at  1000°C,  leaching  of  the  product  with  5?  hydro¬ 
chloric  acid,  vacuum  distillation  of  the  magnesium  at  1250-l450°C, 
reduction  of  the  reaction  mass  with  calcium  at  1000°C,  leaching 
with  5?  hydrochloric  acid,  degasification  of  the  product  at  840°C. 
The  resulting  metal  contained  0.16-0.2?  02,  0.01-0. 03?  'Mg,  and 
0.05-0.0??  Ca.  The  metal  was  cold-short. 

Certain  investigators  have  attempted  to  reduce  TiOg  with 
sodium  and  with  an  alloy  of  sodium  with  calcium  [28,  29].  It  was 
established  that  metallic  sodium  reduces  TiOg  only  to  the  lower 
titanium  oxides  at  900-950°C.  Better  results  were  obtained  in 
reducing  TiOg  with  an  alloy  of  60-70?  Na  and  40-30?  Ca  at  tempera¬ 
tures  above  700°C.  In  this  case,  however,  the  final  titanium 
contained  up  to  5?  of  impurities. 

Attempts  have  also  been  made  to  reduce  titanium  dioxide  with 
hydrogen  [62-64,  65].  However,  it  was  again  impossible  to  produce 
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metallic  titanium  by  this  method  because  titanium  has  a  much 
stronger  affinity  to  oxygen  than  does  hydrogen.  Wysse  established 
that  hydrogen  reduces  titanium  only  to  a  compound  with  the  chemi¬ 
cal  formula  Ti^O^  at  900°C  [62].  V.A.  Reznichenko  and  P.B.  Khali- 
mov,  who  reduced  titanium  dioxide  with  a  steam-and-hydrogen  mix¬ 
ture  containing  0.021  Ca,  0.12 1  Fe,  0.04#  Mg  and  other  impurities, 
established  that  TiOg  is  reduced  to  Ti^Otj  bjr  hydrogen  at  1050°C, 
while  a  mixture  of  TigO^  and  Ti^  is  obtained  above  1050°C  [65, 
page  11]. 

Repeated  attempts  to  reduce  titanium  dioxide  with  carbon 
were  equally  unsuccessful.  On  reducing  TiOg  with  carbon  in  an 
arc  furnace,  Moisson  obtained  a  product  containing  5#  C.  The 
carbon  content  in  the  titanium  could  be  reduced  to  2#  by  two  re¬ 
heatings  of  the  product  with  a  Ti02  additive  [66].  Reduction  of 
Ti02  by  carbon  in  a  vacuum  furnace  at  temperatures  above  2400°C 
produced  a  material  containing  no  less  than  4.6#  C  in  the  form  of 
titanium  carbide  [67]. 

Junker  showed  that  when  a  mixture  of  carbon  and  titanium 
dioxide  reacts  in  a  vacuum  at  800-1200°C,  i.e.,  under  conditions 
such  that  the  CO  and  C02  are  removed  rapidly  enough  from  the  re¬ 
action  zone,  the  product  consists  of  titanium  carbide  and  lower 
titanium  oxides  [68].  Here  the  course  of  the  reactions  leading 
to  metallic  titanium  is  complicated  by  the  metal's  high  capacity 
to  dissolve  the  carbides  and  lower  titanium  oxides  that  are  formed. 

Wasch  and  Dawihl  proposed  a  method  in  which  Ti02  is  reduced 
by  carbon  in  an  inert-gas  atmosphere  or  vacuum  in  an  arc  fur¬ 
nace.^  Steinberg  and  Wiener  reduced  TiOg  with  lampblack  in  a 
vacuum  at  1100-1200°C  with  0. 5-1.0  mole  of  carbon  per  mole  of 
TiOg.  The  TigO^  obtained  as  a  result  of  the  reaction  was  mixed 
in  equimolecular  quantities  with  carbon  and  heated  in  a  vacuum  to 
1500-l800°C.  It  was  possible  to  reduce  the  TigO.^  only  to  TiO. 

Reduction  of  i/oxide  by  Aluminum 

Thermodynamically,  aluminum  is  capable  of  reducing  titanium 
dioxide  at  temperatures  below  1400° C  only  to  the  monoxide  TiO, 
whose  free  energy  of  formation  is  5-10  kcal/g-atom  of  oxygen 
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higher  than  that  of  Al^.  At  the  same  time,  we  know  that  alumi¬ 
num  fuses  with  titanium  to  form  a  continuous  series  of  solid  solu¬ 
tions  and  intermetallic  compounds  [39].  This  has  a  strong  influ¬ 
ence  on  the  course  of  the  reduction  process  and  promotes  the  reac¬ 
tion 

3TfO,  -MAI  ~  3TI  +  2AltO,. 

(6) 

The  aluminothermic  method  eliminates  the  use  of  expensive 
equipment,  inert  gases,  etc.,  since  it  's  an  out-of-furnace  metal¬ 
lurgical  process  and  hence  much  simpler  and  cheaper. 

An  ingot  of  tough  alloy  that  is  easily  separated  from  the 
slag  is  formed  in  the  aluminothermic  reaction,  and  for  this  reason 
the  reaction  mixture  does  not  require  use  of  chemical  or  other 
separation  methods.  This  also  makes  the  process  simpler  and 
less  expensive. 

A  shortcoming  of  aluminothermic  reduction  is  that  the  titan¬ 
ium  is  not  a  pure  product,  but  an  alloy  with  aluminum  that  is 
contaminated  by  oxygen.  The  very  fact  that  the  titanium  is  ob¬ 
tained  in  the  Torm  of  the  Tl-Al  alloy  is  not  decisive,  since  the 
overwhelming  majority  of  structural  alloys  baaed  on  titanium 
contain  aluminum  (up  to  20*).  What  is  important  is  that  the  Ti-Al 
alloy  is  rather  heavily  contaminated  by  oxygen  because  the  reac¬ 
tion  takes  place  in  a  charge  that  is  exposed  to  atmospheric  air. 

N.N.  Muracn  et  al.  [76]  were  the  first  to  produce  alloys  of 
titanium  with  aluminum  by  an  open  mctallothermic  process.  The 
titanium  contents  in  the  alloys  that  they  obtained  varied  from 
25  to  75*. 

One  report  describes  use  of  the  aluminothermic  method  to  pro¬ 
duce  a  Ti-Al  alloy  containing  69*  Ti,  11*  Al,  7*  02,  remainder 
iron,  silicon,  and  insoluble  residues.  This  alloy  was  named 
"altam”  [71].  The  literature  gives  no  details  of  the  Altam  proc¬ 
ess.  It  has  been  reported  [80]  that  Ti02  can  be  reduced  by  the 
aluminothermic  method  to  obtain  a  Ti-Al  alloy  containing  0.02* 

02,  a  statement  which  we  find  difficult  to  credit. 

Certain  theoretical  problems  in  connection  with  aluminother¬ 
mic  reduction  of  TiOg  are  examined  in  the  papers  of  V.V.  Cergeyev 
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C8i],  Scharma  [79],  and  other  investigators  [82]. 

At  the  Illinois  Institute  of  Technology  (USA),  Mondolfo  arid 
Roy  investigated  the  reduction  of  finely  ground  TiO^  that  had 
been  briquetted  with  aluminum  powder  when  the  briquettes  were 
immersed  in  molten  aluminum  [72],  In  this  process,  titanium 
dioxide  containing  99-5%  Ti02,  0.5?  Si02,  0.1?  P205»  O'1*  S03  and 
0.004-0.005?  P2°3  was  ground  to  -0.5-1-5  mm  and  briquetted  with 
99-5?  pure  aluminum  powder  under  a  pressure  of  about  30  kgf/mm“ . 

The  briquettes,  which  contained  no  less  than  50?  Al,  were  sub¬ 
merged  with  agitation  in  aluminum  that  had  been  superheated  to 
1300-l400°C.  This  reduced  the  titanium  to  form  a  Ti-Al  alloy  in 
which  aluminum  oxide  was  dispersed.  The  charge  composition  was 
calculated  to  obtain  more  than  30?  Ti  in  the  alloy,  since  the 
melting  point  of  the  alloy  rose  sharply  at  higher  contents  and 
this  made  it  difficult  to  separate  the  AlgO^  from  it.  During  re¬ 
duction,  the  molten  bath  was  flushed  with  argon  or  helium  to 
facilitate  floating  and  removal  of  the  slag.  Addition  of  about 
1?  (on  the  mass  of  the  alloy)  of  cryolite  to  the  charge  slags  out 
an  additional  amount  of  aluminum  oxide.  The  best  results  were 
obtained  in  an  induction  furnace  in  a  magnesium  oxide  crucible. 

The  charge  consisted  of  1  kg  of  T102  and  4  kg  of  aluminum.  Tem¬ 
perature  1400°C,  smelting  time  2  hours.  This  produced  3  kg  of  an 
alloy  containing  27-30?  Ti.  The  inventors  of  the  method  report 
that  the  oxide  film  formed  on  the  surface  of  the  fused  aluminum 
protects  the  Ti-Al  alloy  from  oxidation,  30  that  the  reaction  can 
be  conducted  in  open  apparatus  without  an  inert  atmosphere.  Analy¬ 
sis  of  the  alloy  produced  in  one  of  the  experiments  indicates  that 
the  alloy  contained  8.5?  titanium  and  0.049?  oxygen  after  slagging 
of  the  Al2°3  30,1  argon  flushing  of  the  bath;  after  remelting  of 
the  alloy  under  cryolite,  its  oxygen  content  was  down  to  0.007? 

(as  we  know,  cryolite  Na.,AlFg  is  a  good  solvent  for  AljO^).  The 
alloy  can  also  be  treated  with  a  mixture  of  Ca  +  CaCl2  or  remelted 
with  a  small  amount  of  TIBg1*  to  eliminate  the  oxygen. 

Mo3t  of  the  experiments  resulted  in  Ti-Al  alloys  containing 
12  to  29?  Ti.  Such  alloys  cannot  be  used  as  structural  materials 
and  require  further  refinement  to  lower  the  aluminum  content  to 
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6-8*.  The  ability  of  magnesium  to  dissolve  up  to  30*  A1  at  600- 
1000°C  and  the  practically  total  insolubility  of  metallic  titan¬ 
ium  in  liquid  magnesium  at  these  temperatures  were  utilized  to 
separate  the  aluminum  from  the  Ti-Al  alloy  [78].  The  Tl-Al  alloy 
was  concentrated  by  cofusing  it  with  magnesium  in  a  magnesium 
oxide  crucible  at  550-1100°C.  Solid  Ti-Al  particles  settled  in 
the  resulting  alloy,  which  has  a  lower  melting  point  and  density 
than  the  Ti-Al  alloy.  To  prevent  oxidation  of  the  magnesium  and 
contamination  of  the  Ti-Al  alloy  with  oxygen,  the  co fusion  was 
carried  out  under  a  cover  flux  or  in  an  argon  atmosphere.  How¬ 
ever,  the  process  became  difficult  to  manage  when  the  oxide- 
saturated  flux  became  heavier  than  the  Mg-Al  alloy  and  lost  It3 
covering  properties.  Zinc  was  added  to  increase  the  weight  of 
the  Mg-Al  alloy  formed  on  cofusion  of  the  Ti-Al  alloy  with  the 
magnesium;  this  prevented  the  cover  flux  from  sinking.  On  com¬ 
pletion  of  cofusion,.  the  melt  was  allowed  to  settle  for  a  few 
minutes  to  separate  it  into  layers  and  permit  pouring  off  the 
Mg-Al -Zn  alloy.  To  enrich  the  Ti-Al  alloy  from  12-29  to  92*  Ti 
and  up,  it  was  treated  with  an  Mg-Zn  alloy  no  fewer  than  7  times 
in  succession.  The  final  product  was  found  to  contain  less  than 
0.001*  Zn  on  leaching  with  Mg-Zn  alloy.  After  cofusing  with  Mg- 
Zn  alloy  and  removal  of  the  resulting  new  Mg-Al-Zn  alloy  and  the 
flux,  the  Ti-Al  alloy  residue  was  treated  with  10-20*  hydrochloric 
aci  l  or  vacuum-distilled  at  850°C  and  a  residual  pressure  of  0.001 
mm  Hg  to  remove  residues  of  magnesium  and  zinc  from  the  Ti-Al 
alloy.  In  either  case,  the  Ti-Al  alloy  contained  less  than  0.05* 

Me  after  treatment.  The  best  experiments  produced  a  coarse  To-Al 
alloy  powder  containing  from  6.58  to  7.14*  Al,  1.15-1.75*  Pe,  0.42- 
0.72*  Si,  0.047-0.052*  02,  0.002-0.003*  N2,  0.001*  Zn,  0.002- 
0.003*Mg,  and  0.01*  C. 

Systematic  studies  of  the  aluminum  reduction  of  T102  were 
carried  out  in  1957  by  N.N.  Murach  and  V.G.  Musiyenko  [72].  The 
material  reduced  was  technical  titanium  dioxide,  and  the  reducing 
agents  were  types  PA-1  and  PA-3  aluminum  powders  [55].  The  open 
metallothermic  process  was  conducted  in  a  graphite-fireclay 
crucible  [76]. 
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The  thermochemical  equation  of  the  aluminothermic  reduction 


of  T102 


3TiO,  +  4A!  =  3T1  +  2AIA+  H3  Veal 


(6a) 


indicates  that  597  kcal  of  heat  are  liberated  on  reduction  of  1  kg 
of  TiC>2.  It  has  been  established  that  the  minimum  theoretical 
amount  of  heat  Q  that  must  be  liberated  in  the  charge  for  Reaction 
(6a)  to  occur  spontaneously  is  determined  by  the  relation 


and  amounts  to  592  keal/kg  (AH?qo  *  219  kcal/mole). 

^TiO., 

Since  an  additional  9.5  keal/g-atom  of  titanium  is  released 
on  formation  of  the  Ti-Al  alloy  [83],  the  heat  effect  of  reaction 
(6a)  is  sufficient  to  support  spontaneity. 

However,  according  to  the  authors  of  [72],  the  charge  must 
contain  1350  kcal  per  kg  of  reducible  oxides  to  ensure  that  the 
reaction  will  go  to  completion,  to  melt  the  slag,  and  to  produce 
a  uniform  regulus.  Bertholet's  salt  was  introduced  into  the 
charge  as  a  warming  additive  to  raise  it3  heat  content  to  this 
figure,  and  Ca?2  and  CaClg  to  lower  the  viscosity  or  the  slag. 

A  charge  of  the  indicated  composition  was  placed  in  a 
graphite- fireclay  crucible,  compacted,  and  fired  with  an  igniting 
mixture  consisting  of  fine  aluminum  and  ferric-oxide  powders  or 
Bertholet's  salt  mixed  with  aluminum.  The  reaction  propagated 
rapidly  throughout  the  entire  volume  of  the  crucible  after  igni¬ 
tion,  and  the  process  was  completed  after  1~2  minutes  for  a  charge 
of  about  10  kg.  This  gives  the  regulus  time  to  form  an  ingot  on 
the  bottom  of  the  crucible,  suppressing  the  interaction  of  the 
alloy  with  fcho  acid  slag  and  atmospheric  oxygen.  The  slag  is 
easily  removed  from  the  alloy  after  the  crucible  has  cooled  to 
rocm  temperature. 

In  these  experiments,  the  best  results  were  obtained  at  the 
optimum  1250-1350-kcal-per-kg  heat  content  of  a  charge  containing 
a  10-25J  reducer  excess.  The  moisture  content  must  not  exceed 
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TABLE  31 

Titanium  Content  in  Alloy  and  Percentage  Extraction  of 
Titanium  from  Raw  Material  as  Functions  of 
Charge  Composition 


Charge  composition,  parts  (by  mass) 


no, 


xoo. 

CP, 

0,7$ 

0,9 

0.9S-!,0 

1,0—1.06 

1.3-1.35 

«.# 

0,55 

0.7S 

0.73—0.77/ 
0,75-0,77 
0.8&— 0.87 
«.*-«. 0 

0.45 

0  JU 

0.5—0.53 

0.5 

0.53 

0,57 

Titanium 
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1.0%  in  the  Bertholet’s  salt  or  0.1%  in  the  TiOg,  Ca02»  an<*  Ca^2 
in  order  to  prevent  the  melt  from  erupting  from  the  reaction  cru¬ 
cible. 

The  toughest  ingot,  and  the  one  most  easily  separated  from 
the  slag,  is  obtained  by  reducing  a  charge  designed  to  produce  an 
alloy  with  60-655  Ti . 

It  was  also  established  that  large  single  mnlta  are  not  ad¬ 
vantageous,  since  the  3lag  and  alloy  formed  at  l$rge  charge 
weights  harden  very  slowly.  This  promotes  the  reaction  between 
the  slag  and  the  alloy,  which  contaminates  the  alloy  with  oxygen. 
Thus,  other  conditions  the  same,  the  alloys  contained  2-5%  oxides 
when  a  mass  smaller  than  10  kg  was  melted,  and  12-255  for  a  30-kg 
mass.  This  is  the  essential  drawback  of  the  aluminothermic  proc¬ 
ess. 

The  results  of  experiments  conducted  under  the  conditions 
described  and  with  charges  of  various  compositions  are  assembled 
in  Table  31. 

The  alloys  obtained  by  the  authors  of  [72]  contained  about 
65%  Ti,  30%  Al,  remainder  insoluble  residue  consisting  chiefly  of 
the  oxides  of  aluminum,  calcium,  silicon,  etc. 
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Alloys  of  the  compositions  listed  in  Table  31  can  be  used  as 
masters  for  introduction  of  nonferrous  and  rare  metals  into  alloys 
and  (after  special  purification)  as  raw  materials  for  the  manu¬ 
facture  of  structural  Ti-Al  alloys. 

One  example  of  such  purification  is  found  in  Blumenthal's 
proposal  [71]  for  iodination  of  the  alloy  by  iodine  dissolved  in 
carbon  disulfide.  This  forms  Til^  and  All^,  which  dissolve  com¬ 
pletely  in  carbon  disulfide  on  boiling.  After  the  carbon  disul¬ 
fide  has  been  distilled  off,  the  Til4  and  Allg  crystals  are  mixed 
with  XI  and  heated  to  firm  nonvolatile  KAII^,  and  the  titanium 
tetraiodide,  which  does  not  form  binary  salts  with  alkali  metals, 
is  distilled  out  of  the  reaction  mass  in  a  special  vacuum  ap¬ 
paratus.  The  Tiljjj  obtained  in  this  way  Is  di33oclated  thermally 
in  a  vacuum  on  a  titanium  filament  that  has  been  heated  to  1300- 
1500 cC.  The  Iodine  that  is  released  is  returned  for  use  in  io¬ 
dination  of  Ti-Al  alloy.  Moreover,  the  Iodine  and  KI  can  be  re¬ 
generated  frcs  the  KAII^  by  passing  dry  hot  air  through  it.  The 
reaction  is 

4MU.+*0|,-«U  +  *AIA+«V  (8) 

About  98*  of  the  iodine  is  regenerated  in  this  way. 

The  titanium  and  aluminum  iodides  can  also  be  separated  by 
vacuum  rectification  or  distillation.  The  large  difference  be¬ 
tween  the  melting  points  of  Til„  (150°C)  and  A1I3  (191°C)  aids  in 
distilling  the  Tilj,  out  of  the  solid  All^  in  a  vacuum  at  160- 
180° C. 

In  another  proposed  method,  the  Ti-Al  alloy  is  processed  by 
leaching  out  with  aqueous  alkali  solution."’  According  to  the 
reported  results,  I t  was  possible  to  obtain  a  powder  with  97* 

Ti,  2%  Al,  and  1.2*  02,  and,  after  treatment  of  this  alloy  with 
sulfuric  acid  and  water  washing,  even  with  oxygen  contents  as  low 
as  0.3*.  However,  N.N.  Murach  and  V.0.  Musiyenko  established  that 
aluminum  cannot  be  removed  by  this  method  from  the  resulting  Ti-Al 
alloy,  which  contains  40-65*  Ti  [733- 
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Nowotny  and  Laldwin^  proposed  a  method  for  separation  of  Ti- 
Al  alloy  in  which  the  Ti-Al  alloy  is  ground  to  1  mm  and  a  mixture 
of  AlClg  vapor  with  a  carrier  gas  (for  example,  hydrogen)  is 
passed  through  the  Ti-Al  alloy  at  a  mixture  pressure  of  about 
160  mm  Hg  and  a  temperature  of  about  1300°C.  It  is  recommended 
that  the  process  be  conducted  in  a  column,  with  the  gas  fed  in  at 
the  bottom  through  a  layer  of  the  crushed  alloy.  On  cooling  in  a 
condenser,  the  aluminum  subchloride  (A1C1)  vapor,  which  is  formed 
in  a  mixture  with  H2,  decomposes  with  formation  of  A1  and  AlCl^, 
which  are  recycled  after  separation  [74].  The  method  is  said  to 
eliminate  all  of  the  aluminum  from  the  alloy. 

The  potentially  most  attractive  method  of  separating  the  Ti- 
Al  alloy  and  purifying  the  titanium  of  oxygen  and  other  harmful 
Impurities  is  electrolytic  refining,  in  which  the  crude  Ti-Al 
alloy  is  subjected  to  anodic  solution  in  a  fused  electrolyte  con¬ 
sisting  basically  of  alkali-  and  alkaline-earth  chlorides  and 
titanium,  and  whose  development  is  now  being  pushed  vigorously 
in  a  number  of  countries.  During  electrolysis,  a  Ti-Al  alloy 
that  contains  practically  no  oxygen  is  deposited  at  the  cathode. 
After  separation  of  the  cathodic  deposit  from  the  electrolyte  and 
remelting  in  vacuum-arc  furnaces,  this  alloy  can  be  used  as  a 
high-grade  structural  material. 

A  method  in  which  aluminothermic  reduction  of  TiOg  is  com¬ 
bined  with  subsequent  electrolytic  refining  of  the  crude  alloy 
may,  assuming  that  a  high-output,  operationally  efficient  elec¬ 
trolyzer  is  developed,  become  one  of  the  basic  industrial  proc¬ 
esses  of  titanium  production  and  one  that  might  compete  with  the 
methods  in  extensive  use  at  the  present  time  —  the  magnesio- 
thermic  and  sodiothermic  processes. 
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Chapter  13 

REDUCTION  OF  TITANIUM  TETRACHLORIDE  BY  MAGNESIUM 

Developmental  Hl'tory  of  the  Magnesiotherml c  Method 

Magnesium  is  one  of  the  most-  widely  distributed  elements  in 
nature-  Its  content  in  the  earth's  crust  is  2 - 35% •  In  the  table 
of  abundances  of  the  elements  in  the  earth's  crust,  magnesium 
comes  after  oxygen,  silicon,  aluminum,  iron,  calcium,  sodium,  and 
potassium. 

The  factors  behind  the  production  of  magnesium  on  a  large 
industrial  scale  are  the  large  deposits  of  magnesium  raw  materials, 
a  highly  productive  technology  for  producing  the  metal  by  elec¬ 
trolysis,  and  its  comparatively  low  cost. 

In  1966,  world  magnesium  production  (outside  of  the  USSR) 
came  to  something  more  than  100  thousand  tons  per  year.  The 
purity  of  magnesium  produced  by  the  electrolytic  process  is  quite 
high  (-V99.9*). 

Magnesium  is  distinguished  by  a  strong  affinity  for  chlorine 
(-AZ°07jO|^c1  *  55  kcal/g-atora  of  chlorine),  which  is  12.0  Jceal/ 

kcal/g-atom  of  chlorine  higher  at  800°C  than  the  affinity  of  titan¬ 
ium  for  chlorine  *  **3  kcal/g-atom  of  chlorine); 

this  is  quite  enough  for  complete  reduction  of  TiCl^  by  magnesium. 
The  relation  of  the  melting  and  boiling  points  of  magnesium  and 
the  MgCl2  formed  as  a  result  of  the  reduction  favor  conduct  of  the 
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process  in  the  720-900° C  temperature  range.  Magnesium  and  titan¬ 
ium  are  practically  insoluble  in  one  another. 

All  of  this,  together  with  the  technological  features  of  the 
titanium- reducing  process,  make  magnesium  one  of  the  most  advan¬ 
tageous  reducing  agents  for  large-scale  production  of  titanium 
spon'-e  by  the  magnesiothermic  method. 

The  first  experiments  in  the  reduction  of  titanium  tetra¬ 
chloride  by  magnesium  filings  in  carbon  dioxide  were  made  as 
early  as  1892  [89].  However,  carburization  of  the  metal  made  it 
impossible  to  obtain  titanium  of  satisfactory  purity. 

The  next  attempt  to  reduce  titanium  tetrachloride  with  mag¬ 
nesium  was  made  by  the  American  investigator  Kroll,  who  took  out 
a  US  Patent  in  1940  for  a  magnesiothermic  method  of  titanium  pro¬ 
duction  [90,  111]/^ 

Kroll  conducted  scaled-up  laboratory  experiments.  The  inter¬ 
nal  surface  of  the  reactor  was  faced  with  molybdenum  to  prevent 
the  TiCljj  and  titanium  from  reacting  with  the  reactor  material. 

The  process  was  conducted  in  an  atmosphere  of  purified  argon  in 
the  temperature  range  from  850  to  950°C  with  holding  at  1060°C  at 
the  end  of  the  process.  The  reaction  mass  obtained  was  leached 
with  dilute  hydrochloric  acid  solution  and  water.  These  experi¬ 
ments  represented  the  first  use  of  the  magnesiothermic  method  to 
produce  titanium  with  room-temperature  plasticity. 

Kroll's  researches  formed  a  basis  for  expanded  experimenta¬ 
tion  and  improvement  of  the  process.  Beginning  m  1942,  the  US 
Bureau  of  Mines  sponsored  extensive  semiindustrial  experiments  at 
an  installation  at  Boulder  City  (Nevada).  They  established  the 
possibility  of  conducting  the  process  at  750-900°C  in  a  low-car- 
bon-steel  reactor  with  subsequent  purification  of  the  reaction 
muis  by  vacuum  separation.  Research  on  the  magnesiothermic  method 
became  a  matter  of  particular  urgency  beginning  in  1946  with  the 
rapid  development  of  jet  aviation,  which  required  substantial 
quantities  of  light  heat-resistant  alloys  based  on  titanium.  In 
1946-1949,  the  production  of  titanium  sponge  at  the  Boulder  City 
installation  was  brought  up  to  100  kg  per  day,  and  a  pilot  plant 

Footnote  (1)  is  on  page  305. 
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with  a  daily  sponge  output  of  750  kg  was  built  around  this  instal¬ 
lation  in  1952  [91,  92]. 

Successful  mastery  of  the  magnesiothermic  method  enabled  the 
USA  to  begin  a  broad  program  aimed  at  developing  a  titanium  in¬ 
dustry  . 

The  reasons  why  this  program  was  not  implemented  were  cited 
in  Part  T. 

Production  of  sponge  titanium  was  organized  in  the  early 
'50's  in  the  Soviet  Union.  The  USSR's  titanium  industry  is  a 
major  contemporary  division  of  the  socialist  economy.  The  pro¬ 
duction  of  titanium  sponge  in  the  USSR  is  rising  steadily  and 
rapidly  with  the  planned  socialist  economy  as  a  base. 

Physicochemical  Fundamentals  of  the  Reduction 

By  analogy  with  complex  reactions  that  proceed  via  inter¬ 
mediate  compounds,  the  reduction  of  titanium  can  be  represented 
as  stepwise  reduction  of  titanium  tetrachloride  and  the  lower 
chlorides : 

TIC1.  -  TiCl, — Tid, — T! . 

As  a  convention,  the  reactions  that  take  place  here  can  be 
broken  down  into  two  groupc : 

A.  The  reactions  in  which  titanium  tetrachloride  is  reduced 
to  the  lower  chlorides  and  the  metal: 


-i-TK34+M«--i-Tl-fMsai. 

(I) 

2Tja, + Mg  ■=*  sma, + m*o* 

(II) 

rici1+M«-.Tiot+Msa» 

(III) 

2Tid,  +  M*  -  2nd,  -f  Mga* 

(IV) 

~-TiO»  +  Mg  -y-TJ  +  MgCl}, 

(V) 

ua.+Mg-TH-MeO* 

(VI) 

Tia4  +  ««-TK3,  +  M*a. 

(XI) 

B.  Secondary  reactions  involving  titanium  tetrachloride  and 
FTD-HC-2 3-352-69 


252 


products  of  the  group  A  reactions,  and  the  dispropo.  Monatlon  re¬ 
actions  of  the  lower  titanium  chlorides: 


2. 

form  Ti 
able  fr 


3TK3,  +  Tl  **  ATia* 

(VII) 

TK2t  +  Tl  =  2TiCl* 

(VIII) 

2TIC1,  +  'n«*3Tia,. 

(IX) 

TiCI*  +  TlOj  **  2TK3* 

(X) 

etc. 

The  thermodynamic  probabilities  of  the  reaction  in  which 
TiCl^  is  reduced  by  magnesium  and  those  of  the  secondary  reac¬ 
tions  of  TlCljj  with  the  reduced  titanium  have  been  the  subject  of 
many  studies  [1,  128,  136,  138-140]. 

However,  only  particular  cases  of  the  interaction  were  ex¬ 
amined  in  the  work  of  S.F.  Belov  and  S.I.  Sklyarenko  (136,  page 
72],  Kubaachewski  [137],  V.A.  Ryabov,  G.N.  Zviadadze,  and  others 
[87,  138-140]. 

R.A.  Sandler  made  a  systematic  study  of  the  chemical  mecha¬ 
nism  of  the  reduction  reaction,  computing  the  isobarlc-isothermal 
potential  changes  for  all  reactions  possible  in  reduction  [128]. 
The  calculations  were  made  in  the  650-1050°C  temperature  range 
for  the  reactions  that  take  place  in  the  condensed  and  gaseous 
phases,  and  for  the  first  time  in  the  case  of  the  latter.  Analy¬ 
sis  of  the  results  and  determination  of  reaction-mass  chemical 
compositions  led  R.N.  Sandler  to  the  following  conclusions: 

1.  When  gaseous  TICljj  reacts  with  liquid  magnesium,  reactions 
(I-VI)  are  thermodynamically  possible.  Reaction  (IV),  which  pro¬ 
ceeds  with  formation  of  TiClg,  involves  the  largest  loss  of  free 
energy;  it  is  followed  in  order  of  free-energy  loss  by  reactions 
(III),  (I),  (ID,  and  (V).  Among  the  secondary  reactions,  that 
of  TiCljj  with  titanium  (VIII),  which  also  forms  TiCl2,  is  the  most 
probable  in  this  case.  TiCl2  can  be  identified  in  samples  of  mag¬ 
nesium  chloride  taken  during  the  reduction  process;  T1C1-  is  not 
detected  in  such  samples. 
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2.  For  the  gaseous-phase  reactions,  (III)  and  (II),  which 
form  TiCl2  and  TiCl^,  are  most  probable.  Reaction  (II)  is  improb¬ 
able  from  the  kinetic  standpoint. 


3.  Formation  of  magnesium  subchloride  MgCl  simultaneously 
with  that  of  MgCl2  is  a  possibility  during  the  reduction  process. 
The  standard  enthalpy  and  entropy  of  the  subchloride,  calculated 
by  the  thermochemical  rule  of  logarithms,  are  minus  66.8  kcal/mole 
and  1.90  cal/(deg‘mole) ,  respectively.  Magnesium  subchloride  is 
unstable  under  standard  conditions,  but  it  is  identified  in  the 
gaseous  phase  at  high  temperatures  [128,  1293.  It  has  been  estab¬ 
lished  that  the  thermodynamic  probability  of  reactions  leading 
to  formation  of  magnesium  subehlorides  is  quite  high  in  the  tem¬ 
perature  range  from  650  to  1050°C. 


Figure  37  shows  our  calcu¬ 
lated  temperature  curves  for  the 
lsobaric-lsothermal  potentials  of 
the  reactions  examined  above.  The 
starting  data  were  those  of  Table 
29.  The  temperature  curves  of 
reaction  free  energy  were  cal¬ 
culated  by  the  method  described 
in  Chapter  11. 

A3  we  see  from  Fig.  37 »  all 
of  the  reactions  considered,  ex¬ 
cept  for  (IV),  (VIII),  and  (IX) 
are  possible  from  the  thermody¬ 
namic  standpoint  at  temperatures 
above  1100-1300°C  in  the  reduc¬ 
tion  of  titanium  tetrachloride  by 
magnesium. 


Figure  37.  Temperature  curves 
of  isobax*ic-isothermal  po¬ 
tentials  for  the  reactions  of 
magnesiothermic  reduction  of 
titanium  chlorides. 


To  arrive  at  a  more  correct 
Judgment  as  to  the  chemical  mecha¬ 
nism  of  the  reduction  process,  it  is  necessary  to  consider  the 
physicochemical  effects  that  accompany  it;  foremost  among  these 
are  chemical  equilibria,  the  physical  states  of  the  substances 
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participating  in  the  reactions,  the 
mutual  solubilities  of  these  sub¬ 
stances,  surface  phenomena,  the 
rates  of  the  various  processes , 
etc. 


3 

- 1- j—  — K.I.  Komarek  and  R.  Geras i- 

=  menko  [142]  studied  the  equilibrium 

§  l:  1  ..l.-i.-LJ  between  metallic  titanium  and  the 

W-.TiClj  content,  >r,a*  solution  of  TiCl2  in  magnesium 

*  (by  mass)  chloride.  It  was  established  that 

Figure  38.  Phase  diagram  the  MsCl2-TiCl2  system  has  a  perl- 

of  MgClj-TiClg  system.  tectic  with  a  melting  point  or 

7l6°C  at  a  TiCl2  content  of  0.35* 
(by  mass)  (Fig.  38).  It  was  also  found  that  salt  mixtures  con¬ 
taining  lower  chlorides  of  titanium  and  at  equilibrium  with  metal¬ 
lic  titanium  contain  only  TiCl2  and  no  TiCl.^.  Titanium  trichlor¬ 
ide  does  not  dissolve  in  appreciable  quantities  in  magnesium 
chloride.  On  the  basis  of  these  experiments,  the  authors  are  in¬ 
clined  to  the  view  that  the  reduction  process  takes  place  in 
stages  with  the  formation  of  titanium  dichloride  as  the  result  of 
the  primary  reaction. 

According  to  A. I.  Zhurin  [1*133  and  I.G.  Bukun  and  Ye. A. 

Ukshe  [1*1*)],  the  solubility  of  magnesium  in  MgCl2  is  3.25-0.40* 
in  the  800-1200°C  ten?jerature  range.  This  fact  may  influence  the 
course  of  the  reactions  that  take  place  in  the  fused  magnesium 
chloride  and  at  Its  interface  with  the  gaseous  phase,  which  con¬ 
tains  TiCljj  vapor. 

According  to  K.T.  Aust  and  I.M.  PIdznen  [145],  the  solubility 
of  titanium  in  magnes^ urn  is  only  0.006*  at  700°C  and  0.015*  at 
850°C.  Magnesium  is  practically  insoluble  in  titanium.  Thus, 
these  factors  cannot  significantly  influence  the  course  of  the 
reduction  process. 

The  surface  phenomena  that  accompany  the  reduction  of  TiCl,, 
by  magnesium  were  studied  by  G.V.  Forsblom  and  Ye.G.  Goldelenok 
[146].  It  was  established  that  magnesium  does  not  wet  a  clean 
steel  reactor  surface  or  titanium  at  650-900°C. 


Figure  38.  Phase  diagram 
of  MgCl.,-TiCl2  system. 
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Under  conditions  approaching  those  obtaining  in  an  industrial 
reactor  after  the  first  batches  of  TiCl^  have  been  loaded  into 
it,  molten  magnesium  wets  the  surfaces  of  a  steel  reactor  and 
titanium  sponge  quite  well  and  may,  under  the  influence  of  surface 
forces,  climb  the  vertical  steel  or  titanium-sponge-coated  walls 
of  the  reactor.  Fused  magnesium  chloride  thoroughly  wets  the 
surface  of  molten  magnesium  and  coats  it  with  a  continuous  film. 

In  the  opinion  of  G.V.  Forsblom  and  Ye.u.  Gopiyenko,  this  may 
break  contact  between  the  magnesium  and  the  TiCl^  in  the  reduction 
process  and  lower  the  reaction  rate.  They  also  established  that 
in  the  presence  of  magnesium  chloride,  metallic  magnesium  wets 
titanium  sponge  better  than  does  magnesium  chloride.  This  indi¬ 
cates  that  the  presence  of  MgClg  does  not  block  penetration  of 
the  metallic  magnesium  into  the  pores  of  the  sponge  or  interfere 
with  its  ascent  through  capillaries  in  the  zones  of  the  reactor 
above  melt  level.  According  to  V. A. Zhivov,  magnesium  rises  to  a 
maximum  height  of  13  cm  above  melt  level  when  the  sponge-capillary 
diameter  is  0.5  mm  [147].  With  rising  temperature,  the  wetting 
of  titanium  and  steel  by  metallic  magnesium  and  its  chloride  is 
improved. 

The  temperatures  of  physical-state  changes  of  the  substances 
that  participate  in  the  reduction  process  and  their  vapor  pressures 
at  various  temperatures  are  given  in  Tables  29  and  30.  It  has 
bsen  established  by  experiment  and  calculation  that  the  race  of 
evaporation  of  magnesium  substantially  exceeds  that  of  TiCl^  [130]. 
Thus,  the  rate  of  evaporation  of  magnesium  from  an  exposed  surface 
cannot  inhibit  the  reduction  reaction,  but  during  the  process, 
especially  if  the  reactor  contains  a  large  amount  of  sponge  and 
magnesium  chloride,  the  conditions  for  vaporization  of  the  metal 
mav  deteriorate  sharply,  and  the  limiting  factor  may  be  the  rate 
of  transport  of  magnesium  to  the  evaporation  surface  or  into  the 
zone  of  the  reaction  with  the  titanium  chlorides,  rather  than  its 
evaporation  rate. 

A) ‘■■hough  the  mechanism  of  titanium  tetrachloride  reduction 
and  formation  of  titanium  sponge  has  been  studied  by  many  inves¬ 
tigators,  there  is  as  yet  no  clear  concensus  regarding  this 
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process  with  adequate  theoretical  and  practical  confirmation. 
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One  of  the  first  studies  of  the  mechanism  of  the  magnesio- 
thermlc  titanium  reduction  is  due  to  Wartman  et  al.  [133].  The 
experiments  Here  run  in  a  reactor  25^  m  in  diameter  at  8 0 0 0 C * 

The  variable  factor  was  the  total  amount  of  TiCljj,  which  ranged 
from  5  to  60%  of  that  theoretically  needed  to  utilize  all  of  the 
magnesium  loaded  into  the  reactor.  When  the  specified  amount  of 
titanium  tetrachloride  had  been  fed  in,  the  reactor  was  cooled 
and  open  for  study  of  the  composition  of  the  reaction  mass  and 

<  ♦-«»  /**  a  *•  Kuf  A  r\r\  **V»r»rvt»o*H  tHHo  vnlume  nf  hhp  r*^ar»t*.nr»  . 

*  V*  AW  WWA  V4»  **•*  V  **•©•*  _  * 

It  was  established  that  at  the  start  of  the  process,  the  re¬ 
duction  reaction  takes  place  on  the  surface  of  the  molten  mag¬ 
nesium,  which  gradually  becomes  covered  by  a  film  of  the  magnesium 
chloride  that  is  formed,  which  wets  the  magnesium  well.  The  film 
makes  it  difficult  for  the  magnesium  to  contact  the  TiCl^  ana  pre¬ 
vents  further  reaction  on  the  magnesium  surface.  A.  this  time, 
the  reaction  front  shifts  toward  the  reactor  wails,  where  the  con¬ 
ditions  for  the  reaction  of  TiCl^  with  magnesium  are  more  favor¬ 
able  owing  to  drainage  of  the  salt  from  the  surface  of  the  mag¬ 
nesium,  which  is  raised  up  the  walls  of  the  reactor  or  capil¬ 
laries  in  the  sponge  formed  on  the  walls  as  a  result  of  surface 
tension  or  capillary  forces.  Subsequently,  in  Wartman 's  opinion, 
the  reactions  take  place  for  the  most  part  on  the  reactor  walls 
or  on  the  sides  of  the  sponge  as  it  grows  from  the  sides  toward 
the  center  of  the  reactor. 

At  low  temperatures  and  TiCli.  infeed  rates,  a  so-called 
"bridge"  of  titanium  sponge  may  form  above  the  liquid-phase  level, 

..  .  .  .  , , _ _ 4-  i  a/*  MAOAhAVl  anri  Int^T’fprl  P.i? 

ruling  Tine  entire  efuaa  acuuiuu  — — - *-w 

with  transport  of  magnesium  into  the  reaction  zone.  Actually,  in 
none  of  Wartman's  experiments  was  a  layer  of  titanium  sponge  un¬ 
connected  to  the  walls  found  on  the  bottom  of  the  reactor. 

To  determine  the  possibility  of  running  the  reaction  in  the 

a.  <a(>M  “<  ,j  f  »  *rl  .  _  ^  1  a.Jii  a  AJWA  wf 
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welded  vertically  to  the  reactor  cover  and  accomodated  entirely 
in  tne  gas  space,  without  coming  Into  contact  with  the  fused  mag¬ 
nesium.  It  was  found  that  titanium  sponge  formed  on  the  rods 
projecting  out  of  the  melt  after  TiCl^  was  supplied,  while  the 
rods  that  were  entirely  in  the  gaseous  phase  grew  no  sponge.  On 
this  basi3,  Wartman  concluded  that  the  reaction  does  not  take 
place  in  the  gaseous  phase. 


Kroll ,  the  originator  of  the  magnesiothermic  method,  con¬ 
curs  with  Wartman' s  conclusions  as  to  the  mechanism  of  the  reduc¬ 
tion  process  [131 ];  Giiiemot,  while  supporting  wartman' s  position 
in  its  essentials,  takes  the  view  that  the  reaction  occurs  between 
molten  magnesium  and  TiCl^  vapor  at  the  beginning  of  the  process, 
but  that  when  most  of  the  reducer  has  been  utilized  and  all  of  it 
i3  in  the  pores  of  the  sponge  thaflias  formed,  the  reaction  be¬ 
tween  TlCljj  and  magnesium  proceeds  in  the  gaseous  phase  [122]. 


V. A.  Rezntchenko  and  S.v.  Ogurtsov  [134;  65,  page  02],  work¬ 
ing  independently  of  Wartman,  arrived  at  similar  conclusions  as 
to  the  mechanism  of  the  reduction  reaction.  According  to  their 
studies,  tne  molten  magnesium  does  net  wet  the  steel  walls  of  she 

shell  before  TiCl..  is  admitted  into  the  reactor.  Immediatelv 
** 

after  i.ifeed  of  TiCi)(,  the  reaction  occurs  both  in  the  gaseous 
phase  and  on  the  magnesium  surface.  Thereafter,  the  reaction  be- 
twppn  the  t i t. » n i up*  t^tr^chl^ri de  *nd  piagnesiupi  vapor  develops 
preferentially  on  the  walls  of  the  shell,  where  the  available  sur¬ 
face  f  net  1  i  tntrn  srnrmlnntl  nrs  of  the  now  nha.no.  BOt.nl  1 1 1>  titanium. 


The  walls  of  the  shell  then  become  coated  with  a  thin  layer 
of  titanium,  and  a  film  of  magnesium  chloride  forms  on  the  mag¬ 
nesium  surface,  isolating  the  magnesium  from  reaction  with  TlCl^. 
The  layer  of  titanium  that  has  settled  on  the  reactor  walle  and 
the  film  of  magnesium  chloride  on  the  surface  of  the  metal  change 
the  surface-force  relationships:  in  this  case,  the  magnesium  now 
wets  the  titanium-coated  walls  of  the  shell  quite  well  and  rises 


is  coated  with  the  magnesium  chloride  film,  the  reaction  develops 
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the  sponge-coated  walls  of  the  reactor.  The  lateral  surface  area 
of  the  sponge  growing  on  the  shell  walls  is  small  and  coated  en¬ 
tirely  by  the  MgCU  draining  down  it;  the  focus  of  the  reaction 
persists  only  on  the  "crest"  of  the  upward-growing  sponge,  from 
which  the  magnesium  chloride  drains.  The  higher  the  rate  of  TiCl, 
supply,  the  larger  wi*l  be  the  MgCl2-ccated  lateral  area  of  the 
sponge  lining,  and  the  more  rapidly  will  the  lining  grow  upward. 
But  at  a  certain  TiCl^  feed  rate,  the  reduction  may  also  take 
place  on  the  lateral  surface  of  the  sponge  lining.  Thus,  in  the 
opinion  of  V . A .  Reznichenko  and  S.V.  Ogurtsov,  the 

growth  front  cf* 

the  titanium  sponge  is  determined  by  the  rate  of  TiCl^  supply. 

The  distribution  of  the  sponge  over  the  various  zones  of  the  re- 
actcr  can  be  controlled  by  varying  the  titanium  tetrachloride 
flowrate. 

In  a  study  of  the  kinetics  of  the  reduction  process,  V.A. 
Reznichenko  and  S.V.  Ogurtsov  established  that  as  the  TlCl^  flow- 
rate  is  increased,  the  rate  of  the  reduction  reaction  Increases 
up  to  a  certain  value  and  then  remains  practically  constant  as 

the  *TM  m  .  flimnlv  r*o ^  i  j  S  novipooo/^  a *-  t  ...  mi/n  ..... _ . 
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rates  into  the  reactor,  the  apparent  activation  energy  is  25,700 
kcal/mole,  indicating  that  the  reaction  takes  place  in  the  kinetic 
region.  Increasing  the  TiCl^  supply  rate  lowers  the  apparent 
activation  energy  to  10,750  kcal/mole  with  a  simultaneous  increase 
in  the  reduction  rate.  It  was  also  found  that  the  specific  pres¬ 
sure  p  of  the  titanium  tetrachloride  is  related  to  the  TiCl^ 
supply  rate  v  by  the  equation 

where  a  is  the  slope  and  n  is  an  exponent,  from  which  it  becomes 
evident  that  the  specific  pressure  in  the  system  drops  with  in¬ 
creasing  TiClj,  supply  rate. 

This  indicates  that  processes  that  activate  the  reduction  re¬ 
action  take  place  in  the  system.  In  the  opinion  of  the  authors  of 

rizcT  3  rnin  a.  i —  a.  — - i  1 —  .  .  .  . . 

lv/j  vsic  sttivatiuu  is  vcuacu  vy  nc cauiixy" 

sis.  The  catalyst  is  the  surface  of  the  titanium  sponge,  on  whose 
active  centers  the  titanium  tetrachloride  is  adsorbed.  The 
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adsorbed  TiCl^  molecules  are  more  reactive  than  the  TiCl^  mole¬ 
cules  In  the  vapor  or  liquid  state,  because  of  stretching  and 
weakening  of  the  intramolecular  bonds  of  the  adsorbed  TiCl„  mole- 

"T 

culea  by  adsorption  forces.  The  weakening  of  the  intramolecular 
bor.ao  may  be  so  substantial  that  the  TiCl^  molecule  dissociates 
to  form  lower  titanium  chlorides. 

The  presence  of  adsorbed  TiCl^  molecules  with  enhanced  re¬ 
activity  or.  the  active  centers  of  the  sponge  causes  the  reduction 
reaction  to  take  place  preferentially  on  these  centers,  which  are 
also  crystallization  centers  for  the  reduced  titanium  particles. 

In  the  opinion  of  V.A.  Reznichenko  and  3.V.  Ogurtsov,  the 
increase  in  the  reduction-reaction  rate  with  increasing  TiCl^ 
supply  rate  into  the  reactor  results  from  greater  volume  and  sur¬ 
face  development  of  the  sponge  with  increasing  TiCl^  supply  rate, 
so  that  the  number  of  active  adsorption  and  crystallization  cen¬ 
ters  increases  and,  in  turn,  the  reduction  x'eaocion  is  activated 
and  accelerated.  However,  the  same  authors  established  that  the 
reaction  rate  rise*  to  a  certain  limit.  This  is  explained  by  the 
fact  that,  at  a  certain  TiCl^  supply  rate,  the  sponge  reaches  its 
maximum  volumetric  development  and,  consequently,  the  maximum 
possible  number  of  active  centers;  as  the  TiCljj  supply  rate  in¬ 
creases  further,  therefore,  the  rate  of  the  reaction  itself  re¬ 
mains  constant. 

The  autocatalytic  nature  of  the  reduction  reaction,  acti¬ 
vated  absorption  of  TiCljj,  and  crystallization  of  the  reduced 
titanium  particles  on  the  active  centers  of  the  sponge  are,  in 
the  opinion  of  these  authors,  the  causes  of  the  spongy  structure 
of  Lite  resulting  titanium. 

This  autocatalytic  theory  of  the  reduction  mechanism  cannot, 
however,  adequately  explain  the  multitude  of  processes  that  take 
place  in  the  industrial  reactor.  Further,  the  authors  of  [65, 
page  82]  leave  out  of  consideration  such  important  factors  as  the 
course  of  the  reactions  in  the  gaseous  phase,  tne  formation  of 
lower  titanium  chlorides,  the  solubility  of  magnesium  ar.d  the 
titanium  chlorides  in  magnesium  chloride,  the  role  of  surface 
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phenoema,  their  influence  on  adsorption,  etc. 
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According  to  R.A.  Sandler ^ C/the  mechanism  of  the  reduction 
reaction  cannot  be  autoeatalytie  because  of  the  inhibition  of  tne 
reactions  at  a  certain  TiCijj  supply  rate;  in  autocatalysis,  the 
reaction  rates  should  rise  without  limit.  R.A.  Sandler  explains 
the  decrease  in  activation  energy  with  increasing  TiCl^  supply 
rate  in  terms  of  passage  of  the  reaction  from  the  kinetic  to  the 
diffusion  region  rather  than  by  autocatalysis  C 3083 . 

Another  treatment  has  been  advanced  for  the  mechanism  of  the 
nci^  reduction  process  and  sponge  formation  [130].  Studying  the 
role  of  the  reactions  in  the  gaseous  phase.  R.A,  Sandler  estab¬ 
lished  that  the  preferential  development  of  the  reactions  in  the 
gaseous  or  condensed  phases  is  determined  basically  by  the  TlCl^ 
supply  rate  into  the  reactor,  the  partial  pressure  of  the  inert 

gas ,  and  formation  of  intermediate  titanium  compounds.  At  low 

2 

TiClj,  delivery  rates  (of  the  order  of  5-10  g  per  cm  of  reactor 
cross  section  per  hour)  and  a  low  inert-gas  partial  pressure  (0.2- 
1.0  atm),  the  reactions  take  place  substantially  in  the  gaseous 
phase.  Increasing  the  TiCi^  supply  rate  and  inert-gas  partial 
pressure  inhibits  the  gas-phase  reactions  and  promotes  those  that 
occur  in  the  condensed  phases.  It  has  been  established  that  the 
gaseous-Dhase  reaction;  take  place  stepwise  with  rormatlon  of  the 
intermediate  lower  chlorides  TiCi.,  and  TiCl^. 

■The  hypothesis  of  stepwise  advance  of  the  reactions  was  ad¬ 
vanced  by  V. Yu.  Kramnik  [106,  page  l^j.  It  was  also  found  that 
when  the  reactions  take  place  in  the  gaseous  phase,  the  reduced 
titanium  forms  a  fine  powder  that  cannot  be  shaped  into  a  massive 
block  of  titanium  sponge  such  as  usually  forms  in  the  reactor. 

A  block  of  sponge  may  be  formed  when  the  reduction  reactions 
take  place  for  the  most  part  in  the  condensed  phases. 


A  study  of  tne  reactions  proceeding  in  the  condensed  phases 
that  was  undertaken  by  F,A.  Sandler  led  him  to  the  conclusion  tnat 
the  reactions  in  which  TiCl^  is  reduced  to  TiCl^  and  to  metallic 


:anium . 


tially  in  these  phases.  The  TiClg  formed  in  the  first  stage  of 
Footnote  (2)  is  on  page  305. 
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the  reduction  dissolves  in  the  MgCl2  and  is  further  reduced  there 
ky  magnesium.  Further  reduction  takes  place  basically  on  the 
surfaces  of  previously  reduced  titanium  particles,  so  that  these 
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gated  titanium  particles  form  the  sponge  block. 


For  Reaction  (III),  the  resulting  stoichiometric  melt  con¬ 
tains  about  55*  TiCl2  and  crystallizes  at  920°C.  If  the  tempera¬ 
ture  is  lowered  below  920° C  in  one  of  the  reactor’s  zones,  the 
TiCl2  precipitates  from  solution,  and  since  the  reactor  walls  are 
most  often  supercooled,  it  is  here  that  most  of  the  TiCl2  crystal¬ 
lizes.  Rising  along  the  reactor  walls  or  capillaries  in  the 
sponge  lining,  the  magnesium  reduces  the  TiClg  further  to  the 
metal,  so  that  the  sponge  on  the  reactor  walls  grows.  This  is 
confirmed  in  industrial  practice:  when  the  wall  temperature  is 
lowered,  the  sponge  lining  grows  mors  rapidly,  while  at  tempera¬ 
tures  above  930-940°C,  little  sponge  growth  occurs  on  these  walls. 

Increasing  temperature  and  precipitation  of  TiCl2  into  the 
solid  phase  increase  the  probability  of  the  secondary  reaction  of 
TiCli.  and  TiCl2  (X),  which  forms  volatile  TiCl_}  the  latter  eon- 
denses  in  the  cold  zones  of  the  reactor,  where  it  can  be  further 
reduced  by  magnesium  vapor. 


Although  R.A.  Sandler's  conclusions  as  to  tne  reaction  mecha¬ 
nism  do  not  take  account  of  ail  processes  taking  place  in  the  re¬ 
actor,  they  are  consistent  with  certain  facts  observed  under  in¬ 
dustrial  conditions.  For  example,  certain  of  these  inferences  are 
in  good  agreement  with  the  results  of  experiments  made  on  indus¬ 
trial  reactors  by  E.Ye.  Lukashenko  et  al.  [106,  page  l4], 

E.Ya.  Lukashenko  et  al.  studies  the  influence  of  the  degree 
of  TiCij.  anu  magnesium  utilization  or.  the  reduction  process, 
sponge  formation,  and  reaction-mass  composition.  The  experiments 
were  run  at  temperatures  of  920-960°0,  an  argon  pressure  of  0.2 

p 

atm,  and  a  rate  of  TiCl^  supply  into  the  reactor  of  3-12  g/ { cu>  •»). 
Tne  titanium  tetrachloride  was  fed  into  a  reactor  with  a  shell 
insert  until  10,  20,  40,  50  and  60f  of  the  theoretically  possible 
amount  of  magnesium  had  been  utilized.  After  the  specified  amount 
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of  TiCi.,  had  been  supplied  to  the  reactor,  the  magnesium  chloride 
and  magnesium  were  decanted,  the  reactor  was  cooled,  and  the 
distribution  of  the  reaction  products  in  the  volume  cf  the  reac¬ 
tion  shell  vras  investigated. 

E.Ye.  Lukashenko's  experiments  indicated  that  the  first  stage 
of  the  reduction  process  (utilization  of  the  magnesium  to  20-40i) 
is  characterized  by  formation  of  a  central  sponge  block.  The 
lining  on  the  reactor  walls  grows  only  insignificantly;  its  posi¬ 
tion  is  higher  than  the  original  level  of  the  fused  magnesium  in 
the  reactor.  During  the  first  phase,  the  reaction  takes  place  on 
the  horizontal  melt  surface.  In  the  opinion  of  the  authors,  wet¬ 
ting  of  the  reactor  walls  by  the  magnesium  and  capillary  effects 
in  the  sponge  liner  are  not  significant  for  the  process  in  the 
initial  phase.  The  magnesium  chloride  film  on  the  magnesium  sur¬ 
face  does  not  inhibit  the  reaction  with  the  reducing  agent  and  is 
not  an  obstacle  to  transport  of  magnesium  into  the  reaction  zone, 
since  the  metal  is  transported  through  capillaries  in  the  minute 
titanium  particles  that  float  on  the  melt  surface.  In  the  course 
of  the  reduction,  these  particles  become  larger  and  drop  to  she 
bottom  of  the  reactor,  forming  a  porous  central  sponge  block. 

During  the  second  phase  (40  to  507  utilization  of  the  mag¬ 
nesium),  there  is  no  substantial  change  in  the  nature  of  the  re¬ 
duction  and  sponging  processes,  the  process  rate  remains  high,  and 
the  3ponge  forms  for  the  most  part  as  a  central  block  under  a 
layer  of  melt. 

During  the  third  phase  (more  than  50Jt  magnesium  utilization), 
the  sponge  liner  begins  to  grow  rapidly  and  the  rate  of  the  oroc- 
ess  falls  off ♦ 

The  explanation  offs* sd  fox*  this  by  the  sutuors  of  the  study 
is  that  in  the  last  phase,  practically  all  of  the  magnesium  is  in 
the  pores  of  the  sponge  and  the  rate  of  its  transport  into  the 
^action  zor.s  is  dotersni nod  to  s  substantial  decree  by  sun  ace 
phenomena  and  capillary  and  diffusion  processes.  Since  the  most 
favorable  conditions  for  transport  of  magnesium  are  created  at 
the  reactor  walls  and  on  the  surface  of  the  sponge  liner  during 
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this  period,  the  reaction  is  displaced  into  these  zones  and  the 
liner  begins  to  grow  rapidly.  It  was  established  that  the  reac¬ 
tion  occurs  not  only  on  the  surface  of  the  sponge  and  the  sponge 
liner,  but  also  in  the  layer  of  fused  magnesium  chloride.  This 
is  explained  by  further  reduction  of  lower  titanium  chlorides 
dissolved  in  the  MgClj.  The  compacting  of  the  central  sponge 
block  that  is  observed  in  practice  during  the  last  stage  of  the 
reduction  process  and  the  periodic  temperature  rises  in  various 
zones  of  the  reactor,  including  the  interior  of  the  melt,  are 
also  explained  by  further  reduction  of  lower  titanium  chlorides 
in  the  fused  magnesium  chloride. 


Analysis  of  the  experimental  data  discussed  above,  the  physi¬ 
cochemical  peculiarities  of  the  heteorgeneous  system,  the  tem¬ 
perature  curves  of  the  reduction-reaction  isobaric-isothermal 
potentials,  and  observations  of  the  processes  under  industrial 
conditions  permit  the  following  inferences  as  to  the  mechanism  of 
magnesiothermic  reduction  of  titanium  tetrachloride  and  titanium- 
sponge  formation. 

Immediately  after  TiCl^  is  fed  into  a  reactor  containing 
molten  magnesium  at  650-900°C,  the  process  takes  place  for  the 
most  part  in  the  gaseous  phase  between  titanium  tetrachloride  and 
magnesium  vapors.  The  reaction  between  liquid  magnesium  and  TiCl^ 
vapor  is  generally  difficult  during  this  phase  owing  to  the  ex¬ 
tremely  thin  film  of  magnesium  oxide  on  the  surface  of  the  reducer, 
which  makes  contact  between  the  reagents  difficult. 

From  the  thermodynamic  standpoint,  the  most  probable  reac¬ 
tions  in  the  gaseous  phase  during  the  initial  period  are  that  of 
direct  reduction  of  TiCl^  to  the  metal  (I)  and  that  of  stepwise 
reduction  of  TIClj,  to  the  metal  by  way  of  the  intermediate  com¬ 
pound  TiCl2  (III),  (VI);  reduction  of  T'iCl^  to  the  metal  via  TiCl3 
(II),  (V)  is  less  probable. 

From  the  kinetic  standpoint,  on  the  other  hand,  the  reac¬ 
tion  in  which  TiCl^  is  reduced  to  the  metal  via  TiCl2  (III,  VI) 
is  most  probable.  The  simultaneous  triple  collision  of  reagent 
molecules  necessary  for*  reactions  *  and  liri  co  take  place  in 
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the  gaseous  phase  Is  improbable.  Thus,  the  reactions  in  which 
TiClj,  is  reduced  stepwise  via  TiClg,  (III)  and  (VI),  are  ob¬ 
viously  preferred  in  the  gaseous  phase  during  the  initial  period 
of  the  reduction. 

The  initial  period  is  characterized  by  a  low  TiCl^  flowrate 
(6-8  g  per  square  centimeter  of  reactor  cross  section  per  hour) 

5  and  a  periodic  pressure  rise  in  the  reactor,  which  must  be  con- 

•  trolled  by  bleeding  vapor-gas  mixtures;  the  temperature  in  the 

!  reactor  is  unstable  and  often  rises  abruptly  in  the  upper  zones 

and  at  the  cover  of  the  reactor. 

The  appearance  of  metallic  titanium  and  magnesium  chloride 
in  the  reactor  changes  the  mechanism  of  the  reduction  process 
abruptly  and  determines  the  inception  of  the  second,  principal 
period  of  this  process.  The  minute  particles  of  reduced  titan¬ 
ium  formed  during  the  initial  phase  (sizes  about  500  %)  and  the 
magnesium  chloride  settle  onto  the  melt  surface  and  the  walls  of 
the  reactor.  The  titanium  particles  are  held  on  the  melt  surface 
by  surface-tension  forces.  The  films  of  magnesium  chloride  and 
oxide  that  coat  the  magnesium  surface  break  up,  and  the  magnesium, 
wetting  the  titanium  particles,  rises  and  comes  into  contact  with 
the  titanium  tetrachloride  vapor. 

Since  the  titanium  particles  originally  formed  have  high 
surface  activity  and  promote  contact  between  the  magnesium  and 
TiCljj,  the  reactions  take  place  for  the  most  part  on  the  active 
centers  of  these  particles,  so  that  they  grow  rapidly.  When  the 
weights  of  the  growing  titanium  aggregates  come  to  exceed  the 
surface  tension  forces,  they  settle  onto  the  floor  of  the  reactor 
and  for  a  central  spongy-structured  block  together  with  the 
metal  previously  deposited.  At  a  certain  temperature  gradient 
at  the  reactor  wall/fused  bath  interface,  the  titanium  can  crys¬ 
tallize  on  the  reactor  walls,  with  the  result  that  they  become 
lined  with  the  metal.  Tho  sw.as *»  b. n c- e  yf  this  liner  facilitates 
transport  of  magnesium  into  the  reaction  zone  by  capillary  and 
surface  forces,  so  that  growth  of  the  lining  continues. 

The  presence  of  the  minute  titanium  particles  on  the  melt 
■  surface  and  reactor  walls  may  result  in  adsorption  of  titanium 
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chlorides  on  their  active  zones  and  a  resulting  increase  in  the 
reactivity  of  the  chlorides.  Thus,  the  appearance  of  titanium 
particles  increases  the  reaction  surface  and  the  reactivities  of 
the  reagents i  this  accelerates  reduction.  Increasing  the  TiCl^ 
flowrate  increases  the  number  of  active  reaction  and  crystalliza¬ 
tion  centers,  and  reaction  rate  rises  accordingly.  At  a  certain 
TiCljj  flowrate,  there  comes  a  point  at  which  the  rate  of  forma¬ 
tion  of  titanium  particles  come3  to  equal  the  rate  at  which  they 
settle  to  the  reactor  floor,  and  this  would  obviously  cause  sta¬ 
bilization  of  the  reaction  rate  as  the  flowrate  of  TiCl^  into  the 
reactor  is  increased  still  'urther. 

Fri.n  the  thermodynamic  standpoint,  the  most  probable  reac¬ 
tions,  given  adequate  contact  between  the  molten  magnesium  and 
the  TiCljj  vapor,  are  those  of  direct  reduction  of  TiCljj  to  the 
metal  (I)  and  stepwise  reduction  of  TiClj,  to  TiCl2  and  to  the 
metal  (III)  and  (VI).  Solution  of  TiCi2  in  the  magnesium  chlo¬ 
ride  at  the  process  temperature  contributes  to  the  progress  of 
(III).  The  thermodynamic  probability  of  the  reduction  of  TiCl^ 
to  titanium  trichloride  (II)  is  lower  than  that  of  reaction  (111) 
but  reaction  (II)  is  promoted  by  the  nigh  volatility  of  TiCl^  at 
the  process  temperature.  The  TiCl^  that  forms  is  removed  from 
the  reaction  znnp  and  condenses  in  the  cold  zones  of  the  reactor. 

Thus,  given  a  sufficient  amount  of  magnesium  in  the  reactor, 
vitiation  of  the  ractors  that  impede  its  transport  into  the  reac¬ 
tion  zone,  and  the  absence  of  contact  between  TiCl^  vapor  and 
titanium-sponge  surface  that  is  uncoated  by  magnesium  or  magne¬ 
sium  chloride  rilms,  preference  should  be  given  to  the  direct  re¬ 
duction  of  TiClu  vapor  by  molten  magnesium  to  the  metal  (I)  and 
stepwise  reduction  of  TiCl^  by  molten  magnesium  to  TiCl2  (XXX) > 
and  then  to  titanium  (VI).  This  period  corl-ir.ues  until  about  40- 
50|  of  the  magnesium  loaded  into  the  reactor  has  been  utilized, 
it  is  characterised  by  a  high  TiCljj  consumption  rate  and  rela¬ 
tively  stable  temperature  and  pressure  of  the  vapoi  ’gas  mixture 
in  the  reactor. 

If  the  reactor  walls  are  not  undercooled,  the  sponge  forms 
for  the  most  part  as  a  central  block  and  tne  liner  is  weakly 
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After  magnesium  utilization  has  reached  40-501,  the  third 
period  of  the  process  begins.  During  this  period,  the  proportions 
of  magnesium  and  reduced  sponge  titanium  in  the  reactor  are  such 
that  practically  all  of  the  reducer  is  in  the  sponge  pores.  The 
rate  of  the  process  comes  to  be  limited  by  the  rate  of  magnesium 
transport  to  the  reaction  zone.  During  this  time,  the  most,  favor¬ 
able  conditions  for  magnesium  transport  prevail  at  the  reactor 
walls,  which  are  coated  with  the  titanium-sponge  lining,  through 
whose  capillaries  most  of  the  reducing  agent  is  transported  into 
the  reaction  zone.  The  reaction  proceeds  chiefly  on  the  surface 
of  the  sponge  liner,  and  the  liner  therefore  grows  rapidly. 

Apart  from  surface  and  capillary  phenomena,  the  processes 
taking  place  in  the  fused  magnesium  chloride  are  also  obviously 
of  great  importance  during  this  period.  As  we  noted  earlier,  the 
stepwise  course  of  the  reactions  is  associated  with  the  preferen¬ 
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tial  formation  of  X1C12  in  an  intermediate  stage.  Moreover,  when 
the  titanium-sponge  liner,  which  is  in  contact  with  the  TICljj 
vapor,  has  developed,  a  secondary  reaction  between  titanium  and 
TiCl|j  becomes  possible,  with  the  result  that  TiCl^  is  reduced  for 
the  most  part  to  T1C12  (VIII).  At  the  temperature  of  the  process, 
titanium  aichlorlde  is  highly  soluble  in  MgCl2,  unlike  TiCI^, 
which  is  practically  insoluble  in  XgClj.  Titanium  dichloride  dis¬ 
solved  in  magnesium  chloride  is  reduced  in  the  melt  by  the  mag¬ 
nesium  in  the  open  pores  of  vhC  sponge,  which  wets  its  surface, 
and  by  magnesium  dissolved  in  MgCl2«  TiCl2  may  be  ret*uce!*  a* 
surface  of  the  sponge  in  the  melt,  and  especially  on  the  surface 
of  the  central  block,  with  the  result  that  the  density  of  the 
block  increases. 

The  vigorous  progress  of  the  reactions  in  the  melt  is  con¬ 
firmed  by  a  fact  of  industrial  practice:  when  the  zone  of  maximum 
temperatures  has  shifted  into  the  reactor  zone  below  melt  level, 
the  rate  of  the  process  remains  quite  high.  The  abrupt  tempera¬ 
ture  rise  in  various  zones  of  the  melt  is  obviously  explained  by 
crystallization  of  TiCl2  on  the  sponge  surface  at  points  at  which 
it  is  locally  undercooled  and  by  vigorous  further  reduction  of 
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TiCl2  to  the  metal  in  this  zone  when  it  contacts  magnesium. 

Toward  the  end  of  the  process,  the  shortage  of  magnesium  and 
the  presence  of  a  developed  titanium  surface  in  the  reactor  con¬ 
tribute  to  secondary  reactions  of  TlCl^  with  titanium  and  with  the 

1  —  -t-  *1  .  J__  a  A-  ^  r  A  Or  aO  «  i.1 _ .1.J  ....  /  TV-r  T  -r  V 

xuwerx-  uiu.ui-tutr^  .  ml.  u;)u-u;iu  u.  one  dcuunuary  mcLiuna  i  v^iii  . 

(VII),  and  (X)  are  thermodynamically  most  probable. 

The  culminating  fourth  period  of  the  process  intervenes  when 
more  than  50-60*  cf  the  Mg  have  been  used.  By  this  time,  most  or 
the  unutilized  magnesium  is  in  pores  in  the  titanium  sponge  and 
access  of  titanium  chlorides  to  it  is  difficult.  For  this  reason, 
the  process  slows  down  and  is  characterized  by  temperature  insta¬ 
bility.  high  pressure,  and  a  low  TiClj.  consumption  rate.  When 
more  than  60-70*  of  the  Mg  in  the  reactor  has  been  used,  the 
principal  reactions  are  those  of  reduction  of  TiCl^  to  the  lower 
chlorides  Olid  the  secondary  reactions ,  which  also  result  in  forma¬ 
tion  of  lower  titanium  chlorides,  with  their  Inhibiting  effect  on 
further  refinement  of  the  reaction  mass.  This  lowers  the  quality 
of  the  titanium  and  is  detrimental  to  utilization  of  the  titanium 
tetrachloride.  Under  industrial  conditions,  therefore,  the  utili¬ 
zation  of  the  i.  agneslum  originally  placed  in  the  reactor  docs  not 
usually  exceed  60-70*. 

The  hypotheous  that  nave  been  advanced  regarding  the  mecha¬ 
nism  of  magnesiothermic  TiCl^  reduction  cannot  explain  all  of  the 
varied  physicochemical  processes  that  occur  in  the  real  reactor, 
which  constitutes  a  complex  heterogeneous  system  that  is  not  even 
at  equilibrium.  The  preferential  progress  of  specific  reactions 
and  the  mechanism  of  sponge  formation  depend  on  temperature,  the 
pressure  of  the  vapor-gas  mixture,  TiCi^  flowrate,  magnesium 

,  ■  •  *  •  •  *  ♦  .  .  .  .  *  4U.  .  .w>4i  <<4  XV*  ~  44m  X  ««4  a  ^  m4  a  wa  _ 
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and  macrozones.  Interaction  between  the  reagents  and  reaction 
products,  and  many  other  factors  that  are  difficult  to  take  into 
account.  Reactions  may  take  place  simultaneously  in  all  phases 
in  the  reactor,  may  be  direct  or  secondary,  etc.  However,  the 
processes  take  the  general  trends  described  above  in  the  char¬ 
acteristic  periods  that  we  have  discussed. 
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Reactor  and  Reduction-Furnace  Designs 

The  reduction  of  titanium  tetrachloride  by  magnesium  is  ao- 
companled  by  the  liberation  of  a  large  amount  of  heat.  The  en¬ 
thalpy  of  the  over-all  reaction  [1]  under  standard  conditions  is 
123.6  kcal/g-atom  of  titanium.  In  modern  reactors  for  the  TiCl^ 
reduction  by  magnesium,  the  heat-release  rate  is  about  100-200 
thousand  kcal/h.  Much  of  this  heat  must  be  withdrawn  from  the 
reactor. 

The  volumetric  proportions  of  titanium,  magnesium,  and  mag¬ 
nesium  chloride  in  the  reactor  are  such  that  there  are  2.8  volume 
units  of  magnesium  and  10.4  volume  units  of  newly  formed  magnesium 
chloride  to  each  unit  volume  occupied  by  titanium.  Por  more  com¬ 
plete  utilization  of  the  working  reactor  volume,  therefore,  the 
magnesium  chloride  must  be  drained  periodically  from  the  reactor 
during  the  reduction  process. 

At  the  present  time,  cylindrical  reactors  from  850-1000  to 
1300-1500  mm  in  diameter  and  1800-2000  to  3000  mm  high  are  used 
as  reducing  reactors  under  industrial  conditions.  The  diameter 
of  a  reducing  reactor  is  basically  limited  by  the  demands  of  the 
next  process  —  vacuum  separation  of  the  block  of  reaction  mass, 
where  an  increase  in  reactor  diameter  beyond  a  certain  value  is 
detrimental  to  heating  of  the  reaction  mass  and  sublimation  of 
the  magnesium  and  magnesium  chloride  residues  out  of  the  deep 
layers  of  the  titanium  sponge. 

The  first  reduction  of  TiCl^  by  magnesium  was  carried  out  at 
850-1060°C  in  a  reactor  made  from  chrome -nick =1  steel  and  lined 
Internally  with  sheet  molybdenum  [111].  The  molybdenum  sheet  was 
intended  to  protect  the  chrome-nickel  steel  from  reacting  with  the 
TICljj  and  magnesium.  The  second  function  of  this  lining  was  to 
provide  conditions  for  running  the  reaction  at  the  highest  possi¬ 
ble  temperature  in  order  to  increase  reactor  productivity.  How¬ 
ever,  reactors  of  this  type  did  not  come  into  industrial  use  be¬ 
cause  of  the  complexity  of  their  manufacture  and  their  high  cost. 

Later,  as  the  magnesiothermlc  process  was  improved,  reactors 
marie  from  low— carbon,  chrome— nickel ,  and  chromium  steels  came  into 
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use,  as  well  as  bimetallic  reactors  (the  outer  layer  was  usually 
made  from  chrome-nickel  steel  and  the  inner  layer  from  low-carbon 
steel)  [92.  99-1033- 

It  was  found  that  the  process  could  be  run  at  higher  tem¬ 
peratures  with  low-carbon-steel  reactors  than  with  stainless- 
steel  designs,  since  the  melting  point  of  the  eutectic  titanium- 
iron  alloy  is  1085*0,  and  the  eutectic  alley  of  titanium  with 
stainless  steel  has  a  melting  point  of  980-1000°C.  As  a  rule, 
the  titanium  crystallizes  on  the  reactor  walls  and  becomes  welded 
to  them.  If  the  reactor  wall  temperature  rises  above  the  melting 
point  of  the  eutectic  alloy  (titanium-iron),  alloying  becomes  in- 
ucHoiVc  ail u  wuc  rcauwOi’  Waxi  DvcrxoS  ihi'Ough j  fclir  enters  the  rcflC"- 
tor,  the  titanium  sponge  reacts  with  it  energetically,  the  reactor 
becomes  inoperative,  and  the  metal  that  has  been  formed  is  lost  to 
saturation  with  oxygen  and  nitrogen. 

In  practice,  in  consideration  of  the  nucleate  character  of 
the  reduction  reactions,  as  a  consequence  of  which  the  highest 
temperature  rises  suddenly  now  in  one  zone  of  the  reactor  and 
then  in  another,  the  process  is  usually  conducted  at  750-900°C. 

Low-carbon  steel,  which  has  a  higher  eutectic  melting  point 
than  alloyed  steels,  also  has  low  resistance  to  scaling  and  low 
stability  with  respect  to  titanium  tetrachloride  at  the  process 
temperature;  it  is  also  inclined  to  rapid  crystalline-grain  growth 
under  rapid  thermal  cycling,  with  the  result  that  the  impact- 
strength  of  the  steel  drops  sharply  and  crack3  form  in  the  reac¬ 
tor. 

<tH,pg  ijfKigjJom  chrome-nickel  ateel  is  more  resistant  to  scal¬ 
ing  and  interaction  with  TiClj,  vapor  at  high  temperatures  than 
low-carbon  steel.  However,  the  eutectic  of  this  steel  with  ti¬ 
tanium  melts  90-110°C  lower  than  the  eutectic  with  low-carbon 
steel.  Moreover,  the  molten  magnesium  in  the  reactor  readily  dis¬ 
solves  nickel,  which  is  a  constituent  of  lXhl8N9T  steel,  becomes 
contaminated  with  it,  and  contaminates  the  titanium  sponge. 
Nevertheless,  these  steels  are  widely  used  in  building  the  reac¬ 
tor?  . 
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Types  0Khl3»  Kh25T,  and  other  chromium  steels,  which  are 
intermediate  between  low-carbon  and  chrome-nickel  steels  as  re¬ 
gards  the  melting  point  of  the  eutectic  with  titanium  and  have 
adequate  resistance  to  scaling,  are  also  more  stable  against  re¬ 
action  with  “iCljj  vapor  at  high  temperature  and  dissolve  to  a 
lesser  degree  in  molten  magnesium  than  the  chrome-nickel  steels 
[92,  102];  they  are  therefore  attractive  reactor  materials. 


Bimetals,  such  as  lKhl8N9T  st^el  and  tow-carbon  steel, 
lKhl°N9T  and  Kh25T  steels,  Kh25T  steel  and  titanium,  and  others 
are  of  great  interest  for  rcduction-reactor  fabrication.  In  spite 
of  the  greater  difficulty  of  reactor  fabrication  and  the  somewhat 
higher  cost  of  the  reactors,  use  of  such  steels  with  inner  sur¬ 
facing  of  low-carbon  steel.  KH25T  steel,  or  titanium  makes  it  pos¬ 


sible  to  raise  the  productivity  of  the  equipment  substantially  and 
improve  the  quality  of  the  titanium  product;  in  the  last  analysis, 
this  clearly  covers  the  increased  first  cost  of  the  reactor  [92, 
102], 


One  of  two  reactor  types  is  usually  used  under  industrial 
conditions:  a  reactor  with  an  inserted  reaction  shell  made  from 
one  of  the  above  materials  or  a  reactor  without  such  a  shell. 

The  reaction  shell  protects  the  reactor  casing  from  melting 
through  and  permits  the  use  of  a  stainless-steel  reactor  and  a 
low-carbon  shell:  it  also  facilitates  extraction  of-the  reaction 
mass  from  the  reactor  after  completion  of  the  reduction  process 
[12,  13,  14,  18,  21].  On  the  other  hand,  U3e  of  a  shell  results 
in  formation  of  a  gap  between  its  wall  and  the  reactor  wall,  to 
the  great  detriment  of  heat  transfer  out  of  the  reaction  zone;  it 
also  reduces  the  useful  volume  of  the  reactor  and  productivity 
along  with  it.  Furthermore,  the  machinery  used  to  drain  the  mag¬ 
nesium  Ohio riuc  becomes  more  complicated,  and  lower  chlorides  of 
titanium  may  form  in  the  space  between  the  walls.  After  each  run, 
the  inner  surface  of  such  a  reactor  must  be  thoroughly  cleaned  of 
titanium  and  magnesium  chlorides  by  washing  with  hydrochloric  acid 
solution.  This  operation  is  time-consuming  and  injurious  to  the 
service  personnel,  and  wears  the  reactor  out  more  rapidly. 
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Reactors  without  the  inserted  reaction  shell  are  now  in  use 
[99,  100,  105,  106-108].  Use  of  such  reactors  becomes  especially 
advantageous  when  subsequent  separation  of  the  magnesium  and 
magnesium  chloride  from  the  titanium  is  undertaken  by  vacuum 
separation  on  the  block  of  reaction  mass.  The  absence  of  the 
space  between  the  reactor  wall  arid  the  reaction  mass  improves 
heating  of  the  mass  during  separation,  with  the  resulting  sharp 
increase  in  reactor  output.  Studies  made  under  Industrial  con¬ 
ditions  have  shown  that  conversion  from  reactors  with  inserted 
shells  to  reactors  without  the  shells  raised  reduction-furnace 
and  separation  productivity  by  30— 50 JS ,  increased  the  amount  of 
titanium  sponge  extracted  per  cycle  by  5 0%  as  a  result  of  super¬ 
ior  utilization  of  reactor  volume,  and  improved  the  labor  produc¬ 
tivity  of  the  servicing  personnel  by  30%  [102]. 

The  disadvantages  of  the  unshelled  reactor  are  the  greater 
danger  of  melting  through  the  casing  and  the  need  for  more  flex¬ 
ible  cooling  of  the  reactor  walls  in  the  reduction  process  in 
order  to  avoid  freezing  of  a  liner  onto  these  walls,  since  this 
.would  interfere  with  magnesium  transport  into  the  reaction  zone. 

One  of  the  basic  requirements  made  of  a  reduction  reactor  is 
reliable  sealing  at  high  temperatures  and  the  absence  of  cold 
zones  In  its  working  space,  since  lower  titanium  chlorides  might 
form  and  sublimates  might  condense  in  such  zones.  Reactor  seal¬ 
ing  must  be  improved  by  minimizing  the  number  of  weld  seams  on 
the  casing  and  use  of  a  reliable  cover  packing. 

Reactor  cover  and  casing  flanges  are  sealed  with  packings 
made  from  highly  pure  aluminum  or  annealed  copper,  which  are  pro¬ 
tected  from  reaction  with  titanium  chlorides  by  asbestos  [107]. 
Vacuum  rubber  is  also  used  in  the  gaskets;  in  this  case,  the  cover 
and  casing  flanges  must  be  water-cooled. 

Great  interest  attaches  to  welding  of  the  flanges  to  seal 
the  reactor;  this  makes  it  possible  to  load  the  reactor  bodily 
into  the  furnace,  to  eliminate  cold  zones  in  the  working  space, 
to  mechanise  the  time-consuming  process  of  packing  and  removing 
the  cover,  and  to  obtain  more  reliable  sealing  for  high  tempera¬ 
tures  [92,  107,  108,  127].  Use  of  such  a  reactor  may  increase 
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the  process  rate  sharply,  as  well  as  the  utilization  of  TiCl^  and 
magnesium. 


Tno  reactor  cover  must  be  thor¬ 
oughly  heated;  variously  designed  in¬ 
ternal  screens  and  external  heaters 
are  used  for  this  purpose  [102].  In 
addition,  reactors  whose  covers  are 
sunk  down  into  the  reaction  zone  have 
recently  come  into  extensive  use  [128]. 

The  reactor  is  evacuated  and  the 
titanium  tetrachloride  and  argon  are 
red  Into  it  through  a  central  pipe  in 
its  cover.  The  magnesium  chloride  is 
drained  from  the  reactor  through  a 
siphon  that  pipes  it  cut  onto  the 
service  platform  through  the  cover 
or  the  side  wall  of  the  reactor  di¬ 
rectly  below  its  flange  [107].  In 
other  cases ,  the  magnesium  chloride 
is  drained  through  pipes  in  the  side 
or  bottom  center  of  the  reactor, 
which  are  sealed  with  bayonet  locks 
or  by  freeze-plugging  of  the  drain 
hole  [105,  1073- 

Figure  39  is  a  diagram  of  an 
industrial  unit  without  a  shell  in¬ 
sert  (with  bottom  drainage  of  the 
magnesium  chloride)  and  an  electric 
reduction  furnace. 


Figure  39-  Diagram  of 
electric  furnace  and  re¬ 
actor  for  magnesium  re¬ 
duction  of  titanium  tet¬ 
rachloride.  1)  Reactor; 

2)  cover;  3)  perforated 
floor;  *0  shutoff  device 
for  drainage  of 
nesium  chloride;  5)  elec¬ 
tric  furnace;  6  and  fc) 
air  manifolds  for  cool¬ 
ing-air-  supply  to  fur¬ 
nace;  7)  temperature 
senders. 


As  we  noted  earlier,  amounts,  of  heat  ranging  from  100  to 
200  thousand  kcal  per  hour  are  released  during  the  reduction 
process  in  modern  reactors.  It  is  therefore  necessary  to  have 
nr.  efficient  eystem  for  withdrawing  heat  from  the  reactor.  Solu¬ 
tion  of  this  problem  may  be  made  easier  by  holding  the  zone  in 
which  most  of  the  reactions  take  place  at  a  certain  level  in  the 
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reactor.  The  height  of  this  zone  in  the  reactor  can  be  regulated 
by  holding  the  melt  level  in  a  certain  range  and  regulating  the 
dralnaee  O  f'  fl/'  SMimil  1  oforl  mo  rr« « r»  <  um  J-  a—  -  ..  *>  •  • 

„  *  *  '  xuc.  •  no  q  x  uxC)  llcat  lo 

taken  from  the  reactor  by  cooling  the  zone  of  preferential  reac¬ 
tion  with  air  supplied  to  the  furnace  from  a  ventilating  unit. 

The  cooling  air  is  fed  in  at  several  points  around  the  circum¬ 
ference  of  tne  furnace,  through  2-3  horizontal  rows  of  nozzles. 
~ne  fans  are  switched  on  to  deliver  ceding  air  at  periodic  in¬ 
tervals  by  an  automatic  system  that  signals  a  temperature  rise  in 
one  or  another  zone  of  the  reactor  [92,  99,  100,  102-101)]. 


The  bottom  of  the  reactor  must  be 
heated  to  support  normal  reduction 
when  the  reaction  zone  is  cooled. 
Heating  is  necessary  to  keep  the  mag¬ 
nesium  chloride  liquid  in  order  to 
facilitate  separation  of  the  magnesium 
and  magnesium  chloride  and  smooth  de¬ 
livery  of  magnesium  into  the  reaction 
zone;  it  also  facilitates  regular 
drainage  of  the  magnesium  chloride  from 
the  reactor. 


Undercooling  of  the  reactor  below 
the  reaction  zone  retards  the  delivery 
of  magnesium  into  this  zone  and  upsets 


Figure  4o.  Reactor 
for  magnesium  reduc¬ 
tion  of  titanium 
tetrachloride . 


the  reduction  process,  which  slows  down 

sharply  and  yields  large  quantities  of  lower  titanium  chlorides. 


To  prevent  cooling  air  from  entering  the  bottom  zone  of  the 
furnace,  the  furnace  has  packing  rings  that  separate  the  cooled 
and  heated  zones  of  the  furnace. 


Furnaces  that  are  heated  electrically  and  fired  with  gas  and 

itllAS  _4  “l  A.  .  A  n— «««  AM  •  XU  A  tff  Um«M  M  M«l 

*  mca  vi.x  ui  c  :iun  uncu  ao  *  vuuvvawii  a  iu  u«vye )  vubjt  w«jr  *»c*  »v  OB » 

era!  independent  heating  ftnu  cooling  zones  [102,  105,  107,  1233* 


Figure  *0  shows  a  reactor  1200-1300  mm  In  diameter  and  1700 
mm  high;  it  has  n.o  shell  insert  and  is  used  at  the  Henderson 
plant  in  the  USA  [92].  Figure  1)1  shows  the  titanium-reduction 
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Figure  l»l.  Separation  area  of  process  for 
magnesium  reduction  of  titanium  tetrachloride, 
xne  TiCijj  measuring  tanks  can  be  seen  behind 

the  reduction  furnaces. 


section  at  an  Asaka  Titanium  plant  (Japan),  which  uses  low-car¬ 
bon-steel  reactors  with  shell  inserts,  diameters  of  12^0  mm, 
heights  of  2600  mm,  and  wall  thicknesses  of  50  mm.^3)  The  French 
plant  at  LePrese  uses  reactors  20C0  mm  high  and  1200  mm  in  diam¬ 
eter,  and  its  reduction  furnaces  are  oil-fired  [123]. 

Preparation  of  Apparatus  and  Reagents 


To  prevent  contamination  of  the  titanium  sponge  by  gases  and 
moisture  adsorbed  on  the  inner  walls  of  the  equipment  and  by  oxy¬ 
gen  from  oxide  films  and  hydrolyzed  magnesium  chloride,  the  re-  ' 
action  shell  and  reactor  are  thoroughly  cleaned  before  use  in  the 
reduction  process. 


atraot 


the  t 


b  locfc 


depos 
in  tt 


by  ir 


When  a  reactor  with  an  insert  reaction  shell  is  used,  the 
inner  surface  of  the  reactor  is  cleaned  mechanically  and  etched 
with  a  dilute  hydrochloric  acid  solution,  followed  by  drying. 

If  a  liner  containing  magnesium  chloride  has  been  left  on 
the  walls  of  the  reaction  shell  after  the  reaction  mass  has  been 
cut  out  on  a  machine,  the  shell  is  treated  in  what  are  known  as 
"dry  rooms"  to  prevent  hydrolysis;  the  air  humidity  in  these 
Footnote  (3)  is  page  305. 

FTD-HC-2 3-352-69 


or 


on  th 
and  1 
fro  iii 
this 


275 


FTD-P 


rooms  is  held  at  dew-point  level  at  -i)0°C.  The  shell  is  charged 
with  magnesium  and  installed  in  the  reactor  under  the  same  condi¬ 
tions,  after  which  the  unit  Is  sealed,  evacuated,  and  filled  with 
dried  inert  . 


When  an  unshelled  reactoi*  is  used  and  the  reaction  mass  will 
be  purified  by  vacuum  separation  of  a  monolithic  block,  the  re¬ 
actor  walls  are  coated  after  removal  of  the  sponge  by  a  titanium 
lining  that  provides  good  corrosion  protection  for  them  and  pro¬ 
tection  against  iron  contamination  for  the  sponge  that  settles  on 
the  reactor  walls  during  the  next  process.  In  this  case,  the  in¬ 
side  surface  of  the  reactor  is  prepared  for  the  process  by  clean- 


with  compressed  gas.  As  a  rule,  the  sponge  liner  contains  resi¬ 
dues  of  unseparated  magnesium  chloride  and  also  adsorbes  gases 
and  moisture  onto  its  developed  surface.  For  this  reason,  the 
reactor  must  be  insulated  as  quickly  as  possible  from  contact  with 


atmospheric  air  in  order  to  reduce  the  degree  of  M  g  C 1 9  nyuroxysis 
When  such  a  reactor  is  dried,  measures  must  be  taken  to  protect 
the  titanium  liner  from  oxidation. 


The  reactor  walls  are  coated  with  titanium  liner  on  other 
areas  besides  their  points  of  contact  with  the  titanium-sponge 
block.  A  layer  of  titanium  sponge  also  forms  on  the  inner  reac¬ 
tor  and  cover  surfaces  above  melt  level.  This  may  result  from 
deposition  of  minute  particles  of  titanium  thac  has  been  reduced 
in  the  gaseous  phase  or  [1073  from  reduction  of  titanium  chloride 
by  iron  in  the  reactions 

TiQ,  +  Fe -*  TIO,  +  Fed*. 

TiG,  +  Fe  -»  Fe„Ti„  +  FeG, 

or 

FtCI»  +  Ti  -*  Fe*T»„  +  TW«. 


(9) 

(9a) 

(10) 


At  elevated  temperatures,  the  titanium  sponge  that  has  formed 
on  the  wall  surfaces  of  the  reactor  welds  to  the  reactor  material 
and  forms  a  dense  diffusion  layer  that  protects  the  steel  surface 
from  reaction  with  TiCl^  and  from  solution  in  the  fused  magnesium; 
this  reduces  iron  contamination  of  the  basic  mass  of  titanium 
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sponge.  The  coating  of  the  overheated,  oxide-free  reactor  sur¬ 
face  by  a  titanium  layer  that  results  from  interaction  with  TiClj, 
may  be  used  to  plats  materials  with  titanium  —  a  process  that  ad¬ 
vances  must  efficiently  in  the  presence  of  hydrogen  [107]. 

The  magnesium  is  loaded  into  the  reactor  in  the  solid  state, 
in  the  form  of  pigs  and  large  ingots,  or  in  the  molten  state.  In 
foreign  practice,  the  reactor  is  usually  charged  with  solid  mag¬ 
nesium  in  the  form  of  small  pigs  C5»  18,  2ij.  In  thi3  case,  the 
magnesium  is  thoroughly  cleared  of  surface  oxide  films  and  slag 
inclusions  before  loading,  by  etching  the  pigs  in  0.5-1*  hydro¬ 
chloric  acid  solution  and  then  washing  with  clean  water.  The  pig 
surfaces  are  carefully  inspected  after  clearing  of  oxide  films, 
and  all  inclusions,  blisters,  and  cracks  that  are  found  are 
drilled  out  and  countersunk.  Some  of  the  pigs  are  broken  up  as  a 
control  against  the  presence  of  slag  inclusions. 

To  prevent  oxidation  of  the  pigs  after  etching,  they  are 
loaded  into  the  reactor  as  quickly  as  possible.  In  certain  cases, 
the  etched  pigs  are  processed  and  loaded  into  the  reactor  in  "dry 
rooms"  [92]. 

The  process  of  charging  the  reactor  with  solid  magnesium  is 
very  time-consuming,  and  utilisation  of  equipment  working  volume 
is  much  lower  than  when  molten  magnesium  is  used.  When  molten 
metal  is  loaded,  the  productivity  of  the  reduction  furnaces  is 
increased,  3ince  no  furnace  time  is  spent  waiting  for  the  magnes¬ 
ium  to  melt  and  more  favorable  conditions  are  set  up  for  mec.ia- 
nisation  and  automation  of  the  process. 

In  domestic  industrial  practice,  magnesium  is  usually  loaded 
in  the  liquid  state  into  a  reactor  that  has  been  overheated  to 
800°C  [127].  The  magnesium  is  poured  in  with  a  special  vacuum 
batching  crucible,  which  serves  for  storage,  transfer,  and  pour¬ 
ing  of  the  metal  into  the  reactor  under  conditions  that  protect 
the  magnesium  from  oxidation  [169].  Figure  42  illustrates  one  of 
j  the  methods  of  loading  a  reactor  with  liquid  magnesium  [106,  page 

“  21].  To  prevent  oxidation  of  the  magnesium  flowing  from  the 

}  .  batching  crucible  as  it  is  loaded  into  the  reactor,  it  is 
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continuously  bathed  with  an  inert  gas,  which  creates  a  protective 
atmosphere  around  the  emerging  stream  of  metal.  It  takes  several 
minutes  to  pour  the  metal.  Before  it  is 
placed  in  the  pouring  crucible,  the  mag¬ 
nesium  is  thoroughly  refined  to  remove 
metallic  impurities  and  suspended  matter 
and  to  separate  it  from  molten  fluxes 
and  gi$ctPOlvt$:  In  certain  esses*  the 
magnesium  is  filtered  through  cermet 
filters,  e.g.,  filters  made  from  the 
fine  fractions  of  titanium  sponge,  as 
it  is  poured  into  the  reduction  reac¬ 
tor  [102].  With  suitable  design  of  the 
apparatus  and  high  skill  on  the  part  of 
the  servicing  personnel,  the  quality  of 
titanium  sponge  produced  in  reactors 
charged  with  molten  magnesium  is  higher 
than  when  a  solid  reducer  is  used. 


m&\ 


The  reactor,  with  or  without  its 
load  of  magnesium,  is  evacuated  to  200- 
1*00  um  before  installation  in  the  fur¬ 
nace  and  checked  for  tightness.  Seal¬ 
ing  is  considered  adequate  if  the  re¬ 
sidual-pressure  increase  in  the  reactor  (also  known  as  inleakage) 
does  not  exceed  5-8  ym/min. 


Figure  42.  Diagram 
of  installation  for 
charging  reduction 
reactor  with  molten 
magnesium.  1)  Mag¬ 
nesium  batching  cru¬ 
cible  in  constant- 
temperature  jacket; 
2)  guide  frame;  3) 
reduction  reactor. 


After  testing  for  tightness,  the  reactor  is  filled  with 
dried  inert  gas  (usually  argon)  and  installed  in  the  reduction 
furnace.  To  degasiry  the  reactor  walls  and  the  surface  ox  the 
solid  magnesium,  the  reactor  is  heated  to  400V'C  in  the  furnace 
(to  600°C  in  the  case  of  a  reactor  without  a  load  of  magnesium) 
with  simultaneous  evacuation.  When  the  desired  temperature  has 
been  reached,  the  reactor  is  filled  with  dry  argon  and  heated  to 
650-760°C,  i.e.,  until  all  of  the  magnesium  has  been  melted  and 
slightly  overheated.  At  this  temperature,  the  inert-gas  pressure 
in  the  reactor  is  lowered  to  0.05_0.10  atm  and  the  reactor  is 
ready  for  the  reduction  process . 
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Highly  purified  argon  is  used  in  the  reduction  process;  be¬ 
fore  delivery  into  the  reactors,  it  is  usually  passed  through  a 
vessel  filled  with  titanium  spo.  ge  that  has  been  heated  to  750- 
900°C  to  purify  it  further  of  oxygen,  nitrogen,  and  moisture  [18, 
102].  Sometimes  helium  is  used  instead  of  argon  to  increase  neat 
conduction  in  the  reactor  gas  space  [92,  10?].  Here,  however,  it 
must  be  remembered  that  technical  helium  is  of  unsatisfactory 
purity.  Specially  purified  or  spectrally  pure  helium  is  incom¬ 
parably  mors  expensive  than  argon. 

Reduction  Technology 

After  all  of  the  magnesium  ha3  been  melted  and  its  tempera¬ 
ture  has  reached  740-78U°C,  delivery  of  titanium  tetrachloride 
into  the  reactor  la  started.  In  occasional  cases,  the  TiCljj  is 
fed  into  the  reactor  at  temperatures  of  650-700?c.  It  is  usually 
supplied  through  a  central  pipe  fitting  on  the  reactor  cover. 

The  TiCljj  supply  to  all  reducers  is  either  centralized  or  via 
individual  TiGl^  batching  tanks ,  one  for  each  unit;  in  some  cases, 
the  TiCljj  is  filtered  before  delivery  into  the  reactor,  usually 
through  ceramic  filters  [102]. 

At  the  start  of  the  reduction  process,  before  TiClj.  is  fed 
into  the  reactor,  the  magnesium  surface  and  the  reactor  walls 
are  coated  with  a  thin  film  of  oxides,  end  the  magnesium  does  not 
wet  the  passivated  reactor  walls  [107].  As  a  result,  the  reduc¬ 
tion  process  will  obviously  advance  very  slowly,  and  for  the  most 
part  in  the  gaseous  phase,  when  the  first  portions  of  TiCl^  are 
fed  into  the  reactor.  During  this  time,  the  pressure  of  the 
vapor-gas  mixture  often  rises  to  250-400  mo  Hg,  so  that  it  is 
necessary  to  bleed  mixture  from  the  reactor  periodically.  Tem¬ 
perature  is  also  unstable;  the  maximum-temperature  zone  is  held 
above  the  level  of  the  molten  magnesium  on  the  walls  and  cover  of 
the  reactor.  The  specific  TiCl^  flowrate  (the  flowrate  referred 
to  1  cm2  of  reactor  cross  section)  is  low  and  does  not  exceed  6-8 
g/(cm2*h).  During  this  time,  large  quantities  of  lower  titanium 
chlorides  form  in  the  reactor;  this  is  because  of  the  deficiency 
of  reducing  agent  and  the  elevated  TiCl^  and  argon  pressures. 
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So  it  continues  until  particles  of  reduced  titanium  appear 
on  the  melt  surface  and  the  reactor  walls.  Interacting  with  the 
oxide  films,  the  titanium  reduces  them  and  depassivates  the  sur¬ 
face  of  the  reducing  agent  and  the  reactor  walls.  The  magnesium 
then  begins  to  wet  the  surfaces  of  the  titanium  particles  and 
comes  into  contact  with  the  titanium  tetrachloride  on  this  sur¬ 
face. 


As  a  result  of  the  increased  numbers  and  area  of  the  titan¬ 
ium  particles,  the  rate  of  the  reduction  process  rises  rapidly, 
the  pressure  of  the  vapor-gas  mixture  drops,  and  the  temperatures 
in  the  reactor  are  levelled  out  and  stabilized.  The  process  en¬ 
ters  its  main  stage.  The  titanium  particles  formed  during  this 
phase  of  the  reduction  process  absorb  oxygen,  nitrogen,  and  mois¬ 
ture  present  inthe  vapor-gas  mixture  and  oxygen  from  oxide  films 
and  impurities  In  the  magnesium.  In  the  normal  course  of  the 
procsss ,  most  of*  those  cont&minstsd  portlclss  settle  sit  the  bot— 
tom  of  the  reactor.  If  reactor-wall  temperature  decreases,  sub¬ 
stantial  numb era  Of  ounboriiinateu  titanium  particles  may  be  crys¬ 


tallized.  If  the  reactor-  walls  are  not  undercooled,  no  substan¬ 
tial  amount  of  sponge  forms  on  them  during  the  initial  period  of 
the  process. 


Extensive  practice  in  the  magnesium  reduction  of  TiCl^  under 
industrial  conditions  and  specially  designed  experiments  have 
shown  that  this  complex  process  can  be  standardized  to  a  substan¬ 
tial  degree  and  adapted  for  automatic  control.  It  has  been  estab¬ 
lished  that  the  most  favorable  conditions  result  when  the  tem¬ 
perature  schedule  in  the  reactor  is  controlled  by  programmed 
variation  of  the  TiCl^  flowrate  with  correction  of  temperature 
conditions  by  forced  cooling  of  the  reactor  [92,  196,  119#  122, 
127#  172,  325j< 

Several  schedules  have  been  proposed  for  standardization  of 
the  reduction  process;  they  can  be  classified  for  convenience  in¬ 
to  four  types.  Schematic  diagrams  appear  in  Fig.  43a  C3291* 


I.  Uuring  the  second  half  of  the  process, 
supply  to  the  reactor  is  lowered  progressively 


the  rate  of  TiCl^ 
with  the  purpose 
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Pig.  A3.  TiCljj  reduction  conditions,  a)  Schematic 

diagram  showing  stabilisation  of  reduction  process; 
b)  variation  of  specific  TiCl^  flowrate  and  tempera¬ 
ture  at  reactor  wall  during  programmed  reduction  proc¬ 
ess. 
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of  better  reducing-agent  utilization. 

II.  The  schedule  is  based  on  the  assumption  that  the  process 
is  autocatalytlc  in  nature.  The  rate  of  TiClj,  supply  to  the  re¬ 
actor  is  varied  to  conform  to  the  cycles  of  variation  of  its  par¬ 
tial  pressure  in  the  reactor  (as  a  function  of  the  rate  of  ac¬ 
cumulation  of  MgCl2  in  the  reactor). 

III.  In  this  type,  the  maximum  possible  TiClj,  flowrate  is 
stabilized  throughout  th'  entire  process. 

IV.  This  formula  differs  from  the  preceding  one  in  that  ad¬ 
ditional  quantities  of  reducing  agent  are  loaded  into  the  reac¬ 
tor  in  large  portions  during  the  process.  Conditions  are  stabi¬ 
lised  after-  each  auultlon,  as  in  the  preceding  soneauie.  This 
schedule  makes  it  possible  to  increase  the  per-oycle  output  of 
the  reactor,  chiefly  through  better  utilisation  of  its  volume. 


Figure  44.  Diagram  showing  automatic  control  of  reduc¬ 
tion  process.  1)  Programming,  control,  and  annunciator 
panel;  2}  TlCl^  flowmeter  with  regulating  valve  2a;  3) 

temperature  senders  for  measurement  of  temperature  In 
,  .reaction  sons  with  multiposition  potentiometer  3a;  4) 

■  furnace  cooling  fan  with  actuating  mechanics  operating 
dampers  In  air  manifold  4a;  5)  tension  scales  with 
weigher  5a  and  valve  5b  of  magnesium  chloride  drain 
unit  pneumatic  drive  cylinder;  6)  regulating  units  for 
argon  and  titanium  tetrachloride  pressures  in  reactor; 
7)  thermocouple  with  potentiometer  7a  for  measurement 
of  temperature  in  bottom  sons  of  reactor;  8,  9)  volt- 
ammeters 
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II 

III 

IV 
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Reactor  cycle  output,  arbitrary 
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unit3 

1.0 

1.0 

1.0 
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by  *,h < 

Magnesium  utilization  factor,  % 

70 

62 

62 
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Full  cycle  time,  h 
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47 
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39 

46 
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velope 

tained  per  reactor  per  year, 

arbitrary  units 

186 
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225 

219 

zone  t 

As  ws  sov  from  those  data,  schedule  III  is  most  advantageous* 
However,  schedule  IV  will  evidently  be  acre  efficient  when  equip¬ 
ment  that  permits  loading  the  reactor  with  molten  magnesium  with¬ 
out  Interrupting  the  TiCl^  supply  Is  developed. 

Figure  43b  presents  the  standard  diagram  that  was  used  as  a 
basis  for  standard  reduction  processes  in  Industrial  reactors  at 
one  of  the  domestio  plants.  The  TiClj,  flowrate  is  given  In  terms 
of  one  square  centimeter  of  initial  reactor  cross  section.  Tem¬ 
perature  is  measured  with  external  temperature  sensors.  Figure  44 
is  a  diagram  of  automatic  reduction-process  control  in  accordance 
with  a  preset  program.  This  diagram  relates  the  TiCl^  Tlowrate 
with  temperature,  cooling-air-fan  operation,  and  furnace  heating. 
The  system  provides  for  automatic  tapping  or  the  magnesium  chlo¬ 
ride  and  maintenance  of  a  given  argon  pressure  in  the  reactor 
[127,  170].'*^  Other  automatic-sontrol  schemes  for  the  reduction 
process  exist  [107,  172]* 

He  see  from  Fig.  43  that  the  rate  of  the  process  increases 
rapidly  until  10X  of  the  magnesium  has  been  utilised.  Even  be¬ 
fore  the  first  magnesium  chloride  is  drained,  the  reaction  sur¬ 
face  increases  to  the  point  that  the  process  rate  reaches  Its 
maximum  and  remains  there  as  long  as  there  is  an  excess  of  mag¬ 
nesium  in  the  reactor  and  until  the  rate  of  its  transport  into 
the  reaction  son*  limits  the  reaction  rate.  This  period  of  peak 
efficiency  continues  until  40-50X  magnesium  utilisation.  During 
this  time,  the  offtake  of  heat  from  the  reactor  Is  at  maximum, 
so  that  the  lowest  reactor  wall  temperature  values  correspond  to 
It  on  the  temperature  curve.  After  utilisation  of  the  magnesium 
Footnote  (k)  is  on  page  305. 
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has  proceeded  beyond  this  limit ,  tbs  procsss  siows  down  in  spits 
of  the  developed  reaction  surface  as  a  result  of  the  increase  in 
the  amount  of  magnesium  in  the  sponge  pores  with  increasing  quan¬ 
tity  of  reduced  titanium.  The  reduction  rate  comes  to  bo  limited 
by  the  magnesium  transport  rate  into  the  reaction  zone.  During 
this  time,  better  conditions  for  magnesium  transport  are  created 
at  the  reactor  walls,  which  are  coated  with  sponge  having  a  de¬ 
veloped  porous  structure.  Magnesium  passes  into  the  reaction 
zone  through  capillaries  in  this  sponge.  This  is  one  of  the 
causes  of  the  rapid  growth  of  the  lining  in  the  last  stage  of  the 
process. 


At  60-70$  magnesium  utilization,  the  conditions  are  such 
that  all  of  the  unreacted  magnesium  is  in  sponge  pores,  where  it 
can  be  contacted  bv  the  titanium  chlorides ■ only  with  difficulty. 
This  is  what  determines  the  maximum  degree  of  magnesium  utiliza¬ 
tion.  It  has  been  reported  that  the  magnesium  utilisation  factor 
reaches  75-851  in  some  cases  [105,  1073*  It  has  also  been  estab¬ 
lished  that  as  the  rate  of  the  reduction  proceas  rises,  the  pore 

- -  -  4.*.  4>c.  f  4  an 

sizes  in  tne  sponge  decrease,  nv»  «.<■«  i«. v.<»«  — - - 

iura  reduction  and  crystallization  centers  form  in  large  numbers 
[100],  Thus,  other  conditions  the  same,  the  general  rule  is  that 
the  higher  the  rate  of  the  reduction  process ,  the  lower  the  mag¬ 
nesium  utilization  factor. 

It  has  been  proposed  that  magnesium  be  loaded  into  the  reac¬ 
tor  during  the  reduotloh  process  to  improve  the  utilisation  fac¬ 
tor  and  reactor  useful  volume  [102,  105,  1073*  The  afterloaded 
magnesium  may  be  introduced  in  solid  form  with  special  cartridges 
and  batchers  or  lr.  the  liquid  state  with  equipment  similar  to 
that  shown  in  Pig.  42.  It  is  extremely  important  that  the  reac¬ 
tor  be  kept  sealed  during  this  process  and  that  no  air  be  admitted 
to  it. 

The  magnesium  chloride  drainage  schedule  is  of  great  impor¬ 
tance  for  normal  conduct  of  the  process  and  formation  of  sponge. 

An  adequate  amount  of  magnesium  chloride  in  the  reactor  promotes 
better  layering  of  the  cignesium  and  facilitates  its  transport 
into  the  reaction  zone.  Sponge  forms  and  lower  titanium  chloride 
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are  further  reduced  In  the  fused  magnesium  chloride.  At  the  same 
time,  an  excess  of  magnesium  chloride  lowers  the  utilization  of 
reactor  useful  volume  and  covers  a  large  reaction  area  with  melt, 
thus  lowering  reactor  productivity. 

Magnesium  chloride  is  usually  drained  several  times  during 

the  reduction.  Here  the  tapping  schedule  is  established  so  as  to 

keep  the  celt  level  and  the  preferred  reduction-reaction  front  in 

the  zone  in  which  the  reactor  is  most  effectively  cooled.  There 

*  ( 5) 

are  equipment  designs  with  continuous  magnesium  chloride  drainage. 

As  magnesium  chloride  accumulates  in  the  reactor,  an  increas¬ 
ingly  large  reaction  area  is  covered  with  the  fused  salt,  and  the 
volume  of  the  y*  space  is  reduced.  As  a  result,  the  process  rate 
gradually  falls  off,  and  the  pressure  of  the  vapor-gas  mixture 
rises,  reaching  150-250  an  Hg  before  the  next  tapping  of  the  salt. 
The  former  lowers  reactor  productivity,  and  the  latter  creates 
conditions  favoring  the  formation  of  lower  titanium  chlorides. 

Drainage  of  magnesium  chloride  exposes  magnesium-wetted 
sponge  surface,  with  the  result  that  the  rate  of  reaction  with 
the  reducing  agent  Increases  and  the  vapor-gas  pressure  drops  to 
a  few  as  Hg. 

Cases  have  been  observed  in  which  the  temperature  rose 
abruptly  in  one  of  the  reactor  cones  after  the  magnesium  chloride 
was  tapped.  This  Is  obviously  to  be  explained  by  further  reduc¬ 
tion  or  lower  titanium  chlorides  by  magnesium  brought  down  when 
the  salt  was  drained  (for  the  most  part,  further  reduction  of 
TiClg,  which  cryatalllses  out  of  the  salt  in  certain  undercooled 
tones). 

The  temperature  in  the  reactor  is  the  principal  factor  in 
determining  the  type  of  reaction  between  the  TiCljj  and  the  mag¬ 
nesium,  the  spor*e-for*ing  process,  reactor  productivity,  and 
sponge  quality.  Temperature  cannot  be  measured  at  the  center  of 
the  reactor,  in  the  reaction  core,  since  there  are  no  thermo- 
couple-jacket  materials  that  are  stable  in  TiCl^  at  tesperature- 
above  1000-1200*0.  At  any  rate,  temperature  measurement  at  the 
Kills  of  the  reactor  rather  than  at  the  center  is  of  greater 
Pootnote  (5)  is  on  page  305. 
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interest  for  Industrial  practice.  This  temperature  must  be  known 
in  order  to  prevent  the  melting  of  holes  in  the  reactor  wall  or 
freezing  of  the  reaction  mass  onto  t-he  walls.  Those  measurements 
are  sometimes  made  with  a  multijunction  thermocouple  in  a  protec¬ 
tive  Jacket  mounted  on  the  inner  wall  of  the  reactor.  Then,  how¬ 
ever,  the  jacket  shields  the  thermocouple  and  prevents  accurate 
measurement  of  reactor  wall  temperature.  Focal  reduction  reac¬ 
tions  often  develop  on  the  jacket,  and  this  also  distorts  data  on 
the  temperature  conditions  in  the  wall  layer  of  the  rea  ;tor.  In 
addition,  the  Installation  of  internal  thermocouples  complicates 
the  design  of  the  equipment  and  the  subsequent  extraction  of  the 
reaction  mass  or  sponge.  For  these  reasons.  Internal  thermo¬ 
couples  have  recently  been  supplanted  increasingly  with  tempera¬ 
ture  senders  with  which  the  temperature  on  the  reactor  outer  wall 
is  measured. 

As  we  see  from  Fig.  *53,  the  temperature  in  she  wall  layer  of 
the  reactor  is  held  at  a  level  determined  by  the  TiCl^  flowrate 
specified  for  the  particular  phase  of  the  process.  For  this  pur- 
poet,  the  TiCljj  flowrate  and  the  on-off  switching  of  the  fan  that 
supplies  cooling  air  to  the  reactor  outer  surface  are  controlled 
automatically . 

Cooling  of  the  reactor  below  the  optimum  temperatures  results 
in  the  formation  of  large  amounts  of  lower  titanium  chlorides  and 
upsets  the  reduction  process.  Cases  have  been  observed  in  which 
low  temperatures  and  TiCl^  flowrates  have  cauaod  much  of  the  re¬ 
duced  titanium  to  crystallize  on  the  reactor  walls  and  gradually 
cover  its  entire  cross  section  —  the  formation  of  a  so-called 
"bridge,"  acoompanied  by  a  sharp  deceleration  of  the  reduction 
process,  since  the  supply  of  magnesium  to  the  reaction  tone  stops 
and  it  is  difficult  for  the  TiClj,  to  make  contact  with  the  re¬ 
ducer. 

At  above-optimum  temperatures,  conditions  are  created  for 
vaporization  of  the  magnesium  and  the  gaseous-phase  reactions. 
This  results  in  the  formation  of  a  large  amount  of  dispersed, 
pyrophoric  titanium,  which  make?.'  the  subsequent  operations  of  ex¬ 
tracting  the  sponge  from  the  reactor  and  griding  it  much  more 
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difficult  and  also  reduces  the  amount  of  high-grade  titanium  ex¬ 
tracted  from  the  TiCl^.  Moreover,  the  reactor  material  interacts 
more  vigorously  at  elevated  temperatures  with  the  reagents  present 
in  the  reactor,  to  the  detriment  of  titanium  quality.  Elevation 
of  the  temperature  may  cause  the  reactor  to  melt  through  and,  con¬ 
sequently.  a  breakdown  in  which  expensive  titanium  sponge  is 
spoiled.  Under  normal  process  conditions,  the  optimum  reactor 
outer  wall  temperature  is  held  in  the  750-850°C  range.  The  tem¬ 
perature  in  the  bottom  zone  of  the  reactor  is  usually  about  750°C. 
since  this  supports  better  tapping  of  the  magnesium  chloride  [92]. 

At  the  end  of  the  reduction  process,  when  the  supply  of  TiCl^ 
has  been  shut  off  to  permit  further  reduction  of  lower  titanium 
chlorides  and  more  complete  separation  of  the  magnesium  chloride, 
there  is  a  3d-60-minute  hold  at  900°C,  after  which  the  last  mag¬ 
nesium  chloride  is  tapped. 

After  the  high-temperature  hold,  argon  is  admitted  to  the 
unit  and  it  is  cooled  in  the  furnace  to  800° c  (in  the  case  of  a 
stainless-steel  reactor)  or  600°C  (in  the  case  of  a  low-carbon- 
ctsel  roactor)  to  protect  the  reactor  outer  surface  from  severe 
scaling  resulting  from  exposure  to  air.  Subsequent  cooling  of  the 
unit  to  20-4o°C  takes  place  on  a  special  bench,  on  which  its  sur¬ 
face  is  sprayed  with  water  or  flushed  with  air. 

Certain  Variations  of  tha  Periodic  Process 

One  version  of  the  uagnesiothermie  process  proposes  the  use 
of  magnesium  condensate  as  a  reducing  agent  for  titanium  tetra¬ 
chloride;  this  material  is  obtained  on  removal  of  the  magnesium 
chloride  and  magnesium  from  the  reaction  mass  during  vacuum 
separation  [155*  158].  Here  the  magnesium  and  magnesium  chlo¬ 
ride  sublimates  are  condensed  directly  in  the  reduction  reactor 
during  the  prooess  of  vacuum  separation  [1153;  On  completion  of 
vacuum  separation  and  cooling  of  the  condenser-reactor  under  con¬ 
ditions  that  minimise  contact  between  it  and  atmospheric  air,  the 
reactor  is  dismounted,  covered,  sealed,  evacuated,  filled  with 
dry  inert  gas,  and  installed  in  a  reduction  furnace.  The  tetra¬ 
chloride  can  be  supplied  into  a  reactor  with  magnesium  condensate 

FTD-HC-23-352-69 


stai 

nesi 

with 

of  t 

vent 

equi 

begi 

780° 

nuce 

duce 

spom 

whicl 

tenii 

perii 

unit 

A  . 

M4<Wt  \ 


tempi 

salt 

ducir 

chloi 

this 

of  U 

quail 


tetra 
magne 
magne 
TiCl„ 
sped 
paten 
magne 
a  cha 
tion 

TiCljj 

heate 

Footn 

FTD-H 


»»■***  'j 


s.wtaw 


lium  ex- 
iteracts 
s  present 
(vation 
hd,  con- 
is 

:Ctor 
'he  t  em¬ 
it  750° C. 
de  [92]. 

of  TiCljj 
anium 
loride, 
t  mag- 

the 
of  a 
rb  on- 
eve  re 
5  of  the 
ta  sur- 


fie  use 

^tra- 

tslum 

i 

ilo- 
ictor 
.on  of 
ler  con- 
r,  the 
ilth 
etra- 
ensate 


starting  at  temperatures  as  low  as  250-400°C,  since  dispersed  mag¬ 
nesium  is  highly  active  at  this  temperature  and  reacts  vigorously 
with  TiCljj .  After  the  temperature  has  risen  to  700-300°C  and  all 
of  the  condensate  has  melted,  the  process  is  similar  to  the  con¬ 
ventional  reduction.  This  process  makes  it  possible  to  increase 
equipment  productivity,  since  the  warmup  time  before  TiCl^  supply 
begins  is  shorter  (going  to  250-400°C  rather  than  the  usual  740- 
780°C).  The  process  of  remelting  the  condensate  in  special  fur- 
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duces  magnesium  losses.  The  quality  of  the  resulting  titanium 
sponge  depends  strongly  in  this  case  on  the  effectiveness  with 
which  oxidation  of  the  condensed,  dispersed  magnesium  and  mois¬ 
tening  of  the  magnesium  chloride  can  be  prevented  during  the 
period  in  which  they  are  in  contact  with  ambient  air  (when  the 
unit  is  disassembled  after  termination  of  the  reduction  process, 
and  during  its  assembly  for  vacuum  separation). 


With  a  view  to  lowering  the  temperature  of  the  process,  at¬ 
tempt*  have  been  made  to  reduce  TiCl^  tc  obtain  a  low-melting 
salt  melt.  A  mixture  of  magnesium  and  sodium  was  used  as  a  re¬ 
ducing  agent  for  this  purpose,  or  sodium,  potassium,  and  other 
chlorides  were  injected  into  the  reactor  [103-105,  107].  However, 
this  did  not  markedly  improve  magnesium  utilization,  processing 
of  the  reaction  mass  was  complicated,  and  the  grain  size  and 
quality  of  the  sponge  deteriorated. 


Numerous  attempts  have  been  made  to  supply  the  titanium 
tetrachloride  to  the  unit  simultaneously  with  molten  or  gaseous 
magnesium  with  the  object  of  increasing  reactor  productivity  and 
magnesium  utilization.  Thus,  several  patents  propose  that  the 
TiCli.  and  magnesium  be  introduced  into  the  reactor  gas  space  with 
special  tangential  and  swirl-type  nozzle  injectors.  ’  Other 
patents  suggest  introduction  of  magnesium  into  a  bath  of  fused 
magnesium  chloride  or  batched  injection  of  magnesium  vapor  into 
a  chamber  containing  TIClj.  vapor  by  means  of  a  special  dlstrlbu- 

/  7\  ** 

tlon  tank.  ' 7  Another  method  envisages  simultaneous  injection  of 
TiCli.  vapor  and  magnesium  powder  into  a  reactor  that  has  been  pre- 

“  /ON 

heated  to  high  temperature.  However,  a  major  obstacle  tc  the 
Footnotes  (6),  (7)  and  (8)  are  on  page  305. 
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implementation  of  these  processes  is  the  absence  of  sufficiently  prodi 

reliable  flow-control  and  batching  equipment  for  molten  and  eycl< 

vaporised  magnesium;  another  is  the  fact  that  when  TiCl),  and  mag-  have 

T 

r.esium  are  supplied  simultaneously  to  the  reactor,  the  TlCl^  and  short 

magnesium  feeders  are  quickly  overgrown  by  titanium  sponge.  More- 
over,  these  methods  usually  produce  large  amounts  of  dispersed, 
pyrophoric  sponge,  and  this  makes  its  processing  difficult  and 

lowers  the  grade  of  the  metal.  tion 

magne 

Holst  and  Proft  proposed  a  method  for  reduction  of  TiCli,  with 

M  ChlOl 

magnesium  vapor  in  a  vacuum  rather  than  in  the  usual  :'nert-ga3  e 

atmosphere  [151].  Here,  both  processes  (both  the  reduction  of 
TiCljj  and  separation  of  the  reaction  mass  obtained  after  reduc¬ 
tion)  arc  carried  out  in  the  same  apparatus.  The  apparatus  is  menta 

a  reduction  reactor  with  a  top-mounted  water-cooled  condenser.  and  ® 

Magnesium  pigs  are  loaded  into  the  reactor,  which  is  then  sealed  the  r 

and  evacuated  to  60-70  am  Hg,  with  simultaneous  preheating  to 

700°C.  When  these  conditions  have  been  reached,  TiCl,,  vapor  is  react 

admitted  to  the  reaction  space  above  the  pig  magnesium  and  re-  feren 

acts  with  the  sublimated  magnesium  vapor.  During  the  reduction  nents 

reaction,  the  condenser  gas  space  is  disconnected  from  the  reac-  can  b 

tion-chamber  space,  and  the  process  takes  place  in  the  bottom  of  its  b( 

the  unit,  where  the  titanium  and  magnesium  chloride  form  and  the  perat 

unreacted  magnesium  remains.  howevi 

When  the  TiCl^  supply  has  been  shut  off,  the  unit  is  evacu-  rials 

&ted  with  simultaneous  heating  to  900-1000° C.  Communications  is  Furthi 

then  opened  between  the  reaction  chamber  and  the  condenser,  where  ma®nei 

the  magnesium  chloride  vapor  condenses  and  the  magnesium  drains  tions 

in  the  molten  state  into  a  special  receiver.  The  titanium  sponge 

left  in  the  reactor  contains,  on  the  whole,  from  0.1  to  0.5 *  mag-  hard  , 

nesium  chloride  and  manganese,  and  the  extraction  of  titanium  movlni 

into  the  commercial  sponge  is  85-90*.  The  shortcomings  of  this  actioi 

method  consist  in  the  formation  of  a  fine  sponge,  lower  TiCl  ^ 

utilization  owing  to  the  formation  of  lower  titanium  chlorides  ^  ^ 

in  considerable  amounts,  and  the  imposaibility  of  periodic  tapping  nesiui 

of  the  magnesium  chloride  product  while  maintaining  a  high  vacuum 

_  .  *  r  II  ana  m* 

in  the  reactor.  This  last  circumstance  sharply  reduces  reactor 
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productivity,  whi'.h  does  not  exceed  100  kg  of  titanium  sponge  per 
cycle.  Other  design  versions  of  the  equipment  for  this  process 
have  been  submitted  [152],  but  they  are  all  host  to  the  above 
shortcomings. 

Vacuum  Separation  of  Reaction  Hass 

The  reaction  mass  obtained  as  a  result  of  magnesium  reduc¬ 
tion  of  TiClj,  contains  about  50-701  of  titanium  sponge,  30-353? 
magnesium,  and  15-2035  magnesium  chloride.  The  maximum  permissible 
chlorine  and  magnesium  contents  in  refined  commercial  sponge  may 
not  exceed  0.08-0. 12*  and  0.1-0.535,  respectively. 

The  reaction  mass  can  he  separated  by  either  of  two  funda¬ 
mentally  different  methods:  sublimation  of  th®  magnesium  chloride 
and  magnesium  in  a  vacuum  at  high  temperatures,  or  leaching  of 
the  reaction  mass  in  0.5-1-035  hydrochloric  acid. 

Sublimation  of  magnesium  chloride  and  magnesium  from  the 
reaction  mass  in  vacuum  separation  is  based  on  the  large  dif¬ 
ference  betwcv.i  the  vapor  pressures  of  the  reaction-mass  compo¬ 
nents  at  high  temperature.  As  ws  sss  from  Table  30 »  magnesium 
can  be  distilled  out  of  the  reaction  mass  at  a  temperature  above 
its  boiling  point  (1103°C),  and  the  magnesium  chloride  at  a  tem¬ 
perature  above  its  boiling  point  (1418<>C).  At  these  temperatures, 
however,  titanium  sponge  reacts  vigorously  with  the  reactor  mate¬ 
rials,  with  the  result  that  sponge  quality  deteriorates  sharply. 
Furthermore ,  it  is  impossible  to  remove  the  magnesium  chloride  and 
magnesium  from  the  sponge  thoroughly  enough  under  these  condi¬ 
tions. 

It  has  been  suggested  that  the  process  be  conducted  unaer  a 
hard  vacuum  with  the  purpose  of  lowering  the  temperature  and  re¬ 
moving  more  of  the  magnesium  chloride  and  magnesium  from  the  re¬ 
action  mass  [103-106]. 

At  a  residual  pressure  of  about  50  pm  Hg,  the  boiling  point 
of  magnesium  chloride  is  approximately  700°C,  and  that  of  mag¬ 
nesium  about  1»00°C.  However,  tl.se e  are  the  figures  for  magnesium 
and  magnesium  chloride  in  the  fre®  state.  In  the  reaction  mass, 
the  magnesium  chloride  and  magnesium  occupy  -.res  in  the  titanium 
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Figure  45.  Machine  for  drilling  reaction 
mass  out  of  reduction  reactor. 


sponge,  including  extremely  fine  pores  deep  in  its  interior. 

Hence  to  accelerate  the  process  and  obtain  more  complete  subli¬ 
mation,  vacuum  separation  is  usually  carried  out  at  950-1000°C 
[92,  107,  158]. 

The  reaction  mass  may  be  subjected  to  vacuum  separation  in 
the  form  of  a  monolithic  block  or  in  the  form  of  chips.  In  the 
latter  case,  the  reaction  mass  is  cut  out  of  the  reactor  on  a 
special  machine  (Fig.  45)  after  completion  of  the  reduction  proc¬ 
ess  and  cooling  of  the  reactor.  To  prevent  moistening  of  the 
hygroscopic  magnesium  chloride,  the  reaction  mass  is  machined  out 
in  special  so-called  "dry  rooms,"  where  the  air  humidity  corre¬ 
sponds  to  dew  points  at  -26  to  -50°C  [106,  107,  159,  167].  Vacuum 
separation  of  chips  permits  more  efficient  utilization  of  separa¬ 
tor  volume  and  facilitates  the  subsequent  operation  of  removing 
the  sponge  from  the  reactor.  However,  even  in  rooms  with  air 
humidities  below  0.5  g/m^,  magnesium  chloride  takes  up  appreciable 
amounts  of  luolsture  during  the  machining-out  process;  a  contribut¬ 
ing  factor  here  is  the  Increased  contact  area  between  the  mag¬ 
nesium  chloride  and  atmospheric  moisture  when  the  chips  are  cut. 

In  addition,  the  chips  are  more  strongly  heated  than  a  monolithic 
block  under  a  hard  vacuum,  and  this  increases  the  time  required 
for  the  process.  The  construction  and  operation  of  "dry  rooms" 
complicate  the  technological  process  and  raise  the  cost  of  the 
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titanium  sponge. 

Proposed  methods  for  cutting 
out  the  reaction  mass  in  a  vacuum 
[106,  page  27]  have  not  come  into 
industrial  use  because  of  their 
complexity. 

In  industrial  practice,  the 
preferred  method  is  separation 
of  a  monolithic  reaction  mass 
[92,  197,  158,  167].  Here  it  is 
easier  to  avoid  appreciable  mois¬ 
tening  of  the  reaction  mass,  but 
somewhat  more  difficult  to  drive 
the  magnesium  chloride  out  of 
the  depths  of  the  block;  it  is 
8 Iso  harder  to  remove  the  sepa¬ 
rated  sponge  from  the  reactor 
[107,  158,  168], 

Figure  46  shows  a  diagram 
of  a  vacuum-separator  installa¬ 
tion  [172],  and  Fig.  47  a  gene¬ 
ral  view  of  a  vacuum-separation 
section. 


■f^£% 


Figure  46.  Diagram  of  ap¬ 
paratus  for  vacuum-thermal 
purification  of  titanium 
sponge.  1)  Electric  furnace; 
2)  titanium-sponge  block;  3) 
lst-stage  floor;  4)  lower 
funnel;  5,  8)  water-cooling 
jackets;  6)  inner  casing;  7) 
shield;  9)  trap;  10)  upper 
retort;  11)  inner  shell;  12) 
upper  funnel;  13)  supporting 
funnel;  14)  upper-platform 
floor;  15)  packing;  16)  sup¬ 
porting  column. 


A  balancing  vacuum  (10-50 
mm  Hg)  is  set  up  in  the  furnace 

to  reduce  the  load  on  the  reactor  casing  with  its  load  of  reac¬ 
tion  mass  at  900-1000°C,  which  is  evacuated  to  a  residual  pres¬ 
sure  of  a  few  microns,  and  to  prevent  air  from  entering  the  reac¬ 
tor. 

The  assembled  unit  is  carefully  sealed  and  checked  for  tight¬ 
ness.  The  vacuum  loss  in  the  assent  led  cold  unit  after  evacua¬ 
tion  to  a  residual  pressure  of  50-60  ym  Hg  may  not  exceed  1-2 
ym  Hg  per  minute.  After  checking  for  tightness,  the  unit  is 
pumped  out  to  a  residual  pressure  below  0.2  mm  Hg  and  the  furnace 
to  10-50  mm  Hg;  the  electric  heating  is  then  switched  on  and  the 
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Figure  Hj.  Work  area  in  vacuum-separation 
department. 


I 


reactor  temperature  ie  raised  while  it  is  pumped  [92,  107,  158]. 

When  the  temperature  has  riBen  to  300-350° C,  most  of  the 
moisture  present  in  the  moist  msgnesium  chloride  or  adsorbed  on 
the  reactor's  Internal  walls  has  been  removed  from  the  reaction 
mass.  Below  3&0-350°C,  the  moisture  released  does  not  oxidize  the 
titanium  sponge,  which  is  coated  by  a  layer  of  magnesium  chloride 
and  mngnesium.  The  rest  of  the  moisture  is  eliminated  as  the  tem¬ 
perature  rises  from  500  to  550°C.  Above  t80°C,  all  of  the  mois¬ 
ture  released  Interacts  with  the  titanium  sponge,  contaminating 
it  with  oxygen  and  hydrogen  [65,  page  92].  In  addition,  hydrogen 
chloride  may  be  released  from  the  reaction  mass  at  182°C  as  a  re¬ 
sult  of  hydrolysis  of  magnesium  chloride  crystal  hydrates  and  for¬ 
mation  of  MgOHCl .  If  the  reaction  mass  contains  lower  chlorides 
of  titanium,  TiCl^  may  also  be  liberated  as  a  result  of  their  dis¬ 
proportionation. 

When  the  temperature  in  the  reactor  has  been  raised  above 
600-700°C  and  the  residual  prsssure  is  below  1  mm  Hg,  the 
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magnesium  and  magnesium  chloride  begin  to  distill  violently,  with 
the  result  that  the  vacuum  in  the  unit  drops  and  the  condenser 
temperature  rises  sharply.  During  this  tine,  the  furnace  elec¬ 
tric  heating  system  is  switched  off  periodically  to  prevent  over¬ 
heating  of  the  condenser  and  obstruction  of  the  vacuum  system  by 
sublimates.  After  as  little  as  8-12  hours  have  elapsed  from  the 
start  of  vigorous  sublimation,  most  of  the  magnesium  and  magnesium 
chloride  have  been  driven  out  of  the  sponge.  The  residual  pres¬ 
sure  in  the  unit  then  begins  a  rapid  drop.  During  this  time,  the 
temperature  may  be  raised  to  960-1000°C.  This  begins  high-tem- 
perature  holding,  during  which  residues  of  magnesium  chloride  are 
removed  from  the  sponge  as  the  reactor  residual  pressure  gradually 
descends  to  10-2C  pm.  During  this  period,  which  reoresents  about  ^ 
80*  of  the  total  process  time,  the  rate  of  magnesium  chloride  and  V 
magnesium  sublimation  is  determined  chiefly  by  the  rate  at  which 
their  vapors  diffuse  out  of  the  depths  of  the  sponge  to  the  evapo¬ 
ration  surface  [107,  158]. 

A  variety  of  methods  are  currently  in  use  for  determination 
of  the  end  of  separation.  The  process  is  usually  broken  off  after 
a  predetermined  high-temperature-holding  time  and  a  given  stable 
residual-pressure  level  in  the  reactor.  This  ls  sometimes  supple¬ 
mented  by  determination  of  the  vacuum  loss  in  the  reactor  when  it 
is  disconnected  from  the  vacuum  system,  which  should  not  exceed 
1-2  um/min.  It  has  also  been  proposed  that  the  end  of  the  separa¬ 
tion  process  be  determined  from  the  temperature  of  the  gaa  stream/ 
or  by  measuring  the  residual  pressure  near  the  evaporation  surface 
of  the  magnesium  chloride.  For  obvious  reasons,  the  latter  method 
ls  more  promising. 

Under  industrial  conditions,  determination  of  the  end  of  sep¬ 
aration  is  complicated  by  the  fact  that  the  composition,  porosity, 
pore  sises,  etc.,  of  the  reaction  mass  vary  substantially  from 
process  to  process.  It  is  therefore  important  that  the  reduction 
be  carried  out  under  standard  conditions,  which  make  it  possible 
to  produoe  reaction  masses  of  uniform  composition  and  structure. 

Wien  it  has  been  determined  that  vacuum  separation  is  com¬ 
plete,  furnace  electric  heat  ls  switched  off,  the  reactor  is 
Footnote  (9)  is  or.  page  305. 
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filled  with  argon,  and,  simultaneously,  the  countervacuum  in  the 
furnace  is  lowered.  After  the  unit  has  been  cooled  to  the  ambient 
air  temperature  with  the  sponge  inside  it,  it  is  disassembled. 

The  reactor  is  sent  with  the  sponge  to  the  sponge-refining  depart¬ 
ment,  and  the  condenser  to  the  condensate-remelting  department. 

The  magnesium  melted  out  of  the  condensate  is  recycled  to  the 
reduction  process,  and  the  magnesium  chloride  is  sent  for  elec¬ 
trolysis  to  recover  chlorine  and  magnesium,  which  are  alsc  re¬ 
cycled. 

The  completeness  with  which  the  magnesium  and  magnesium 
chloride  are  eliminated  from  the  sponge  is  determined  principally 
by  such  factors  as  the  high- temperature  holding  time,  temperature, 
the  hardness  of  the  vacuum,  and  sponge  structure  [107,  158],  It 
has  also  been  established  that  increasing  the  holding  time  (for 
euMple,  *>om  24-30  to  48  hours)  cannot,  by  itself,  lower  the 
sponge  chloride  content  [158].  At  the  same  time,  a  substantial 
Increase  in  vacuum-separation  time  is  generally  detrimental  to 
sponge  quality  owing  to  the  reaction  between  the  sponge  and  air 
that  seeps  into  the  reactor. 

Nor  does  the  residual  pressure  in  the  reactor  at  the  end  of 
the  process  determine  the  completeness  of  sublimation.  Thus,  it 
has  been  found  that  when  the  residual  pressure  in  the  reactor  Is 
varied  from  2  *  10“**  to  2  •  10“^  mm  Hg  and  other  factors  are  held 
constant,  there  is  practically  no  change  in  the  chlorine  content 
of  the  titanium  sponge  [108,  158]. 

The  temperature  in  the  reactor  haa  a  strong  influence  on  the 
depth  and  speed. of  sublimation.  Thus,  the  magnesium-sublimation 
rate  is  doubled  when  the  temperature  is  raised  from  900  to  925°C, 
but  magnesium  chloride  is  removed  somewhat  more  slowly  [108,  158]. 

It  has  also  been  established  that  the  lower  the  porosity  and 
the  smeller  the  else  of  the  pores  In  the  sponge,  the  sure  diffi¬ 
cult  dces-it  become  to  remove  the  magnesium  and  magnesium  chloride 
from  it.  For  example,  for  the  reasons  examined  above,  an  increase 
in  the  rate  of  the  reduction  process  reduces  sponge  porosity  and. 
pore  dimensions,  so  that  it  becomes  more  difficult  to  remove 
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residues  of  magnesium  and  magnesium  chloride  from  the  sponge  in 
the  separation  process.  On  a  slight  increase  in  TiCl^  feed  rate 
into  the  reactor,  sprnge  porosity  increases  from  40-8  to  46.3* 
[331,  3323. 

All  of  the  above  attests  to  the  fact  that  in  defining  condi¬ 
tions  for  conduct  and  culmination  of  the  vacuum-separation  process 
it  is  necessary  to  consider  many  factors  in  order  to  obtain  high- 
grade  titanium  sponge. 

Separators  with  bottom-  and  top-ax  nted  condensers  are  used 
In  industry.  It  has  been  reported  that  the  separation  time  is 
shorter  in  the  former  case,  since  some  of  the  magnesium  and  some 
of  the  chloride  are  melted  out  of  the  reaction  mass  and  drain 
into  the  condenser;  in  this  case,  the  condensate  is  denser  and 
can  be  remelted  easily  and  with  leas  loss  of  magnesium  [106,  page 
80].  This  creates  more  favorable  conditions  for  protection  of 
the  titanium  sponge  from  contamination  by  trickling  condensate. 

At  the  same  time,  the  construction  of  the  removable  electric 
vacuum  furnace  and  condenser  used  in  bottom-condenser  equipment  is 
much  more  complex  than  in  units  with  top-mounted  condensers. 

Mechanical  sleeve-type  and  other  vacuum  pumps,  including 
twin-rotor  pumps,  are  used  to  evacuate  the  reactor  to  a  residual 
pressure  of  1-2  mm  Hg  during  the  separation  process.  Multistage 
oil-diffusion  pumps  are  used  to  create  the  hard  vacuum.  To  pro¬ 
tect  the  vacuum  pumps  from  entry  of  subliauites,  the  vacuum  sys¬ 
tem  is  fitted  with  a  number  of  mechanical  and  oil  filters.  As  we 
indicated  above,  water  vapor,  hydrogen  chloride,  and  titanium 
tetrachloride  may  enter  the  vacuum  system  in  addition  to  the  mag¬ 
nesium  and  magnesium  chloride  sublimates.  To  protect  the  vacuum 
system  and  pumps  from  these  aggressive  substances  and  to  improve 
the  vacuum  in  the  system,  it  is  equipped  with  special  traps  hold¬ 
ing  activated  charcoal,  alkali  heated  to  800*C,  titanium  sponge, 
or  silica  gel,  or  perhaps  even  with  liquid-nitrogen  freese-out 
traps  [106,  167]. 

To  prevent  air  and  vacuum-oil  vapor  from  entering  the  unit 
in  the  event  of  unexpected  vacuum-pump  shutdown,  the  vacuum  sys- 
tems  are  provided  with  automatic  shutoff  valves. 

Footnote  (10)  is  on  page  io^. 
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Temperatures  in  the  reactor  and  condenser  are  usually  meas¬ 
ures  with  surface  temperature  sensors  and  regulated  automatic¬ 
ally  in  accordance  with  a  predetermined  program. 

The  residual  pressure  in  the  unit  is  measured  with  type  VIT 
thermocouple  vacuum  gauges. 

The  vacuum-separation  process  has  Important  shortcomings, 
chief  among  which  are: 

a)  the  intermittent  nature  of  the  process; 

b)  the  low  productivity  of  the  equipment,  its  complexity  and 
high  cost; 

c)  high  electric  power  consumption  (6-10  kW*h  per  kg  of  ti¬ 
tanium). 

A  proposal  whose  object  is  to  increase  vacuum-separation- 
equipment  productivity  is  the  combined  process  considered  in  Chap¬ 
ter  12,  in  which  vacuum  separation  is  linked  with  a  hydrometal - 
lurgical  final  phase  of  the  process  in  which  residual  magnesium 
chloride  and  magnesium  are  driven  .out  of  the  sponge/^  A  number 
of  modifications  of  vacuum  separation  in  continuous-flow  equip¬ 
ment  have  been  suggested,^ 12  *as  well  as  variations  in  which  the 
reaction  mass  ia  reraelted  to  dense  titanium  without  removal^of 
magnesium  chloride  and  magnesium  from  the  sponge  [65,  161];  How¬ 
ever,  these  methods  have  not  come  into  industrial  use  because  of 
inefficiency  or  the  complexity  of  equipment  design. 

From  the  etandpoint  of  increasing  reduction  and  vacuum- 
separation  equipment  productivity.  Interest  attaches  to  a  single 
unit  of  equipment  that  handles  both  of  these  processes  [162]. 

One  version- -o?  t  hi  equipment  is  a -reduction  reactor  over  which  a 
condenser  is  mounted;  during  reduction,  the  reactor  working  space 
is  hermetically  separated  from  the  condenser  working  space  by  a 
special  screen  with  a  central  plugged  hole  large  enoutfi  in  diam¬ 
eter  to  pass  the  magnesium  and  magnesium  chlorido  vapors  during 
vacuum  separation.  When  reduction  is  complete,  tile  condense,, 
working  space  is  evacuated  and  the  hole  is  unplugged.  Since  the 
reaction  mass  has  been  heated  to  about  900®C,  the  magneslu/i 
Footnotes ‘Ui).  (12),  U3)  andll*)  are  on  pages  305  and  306. 
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chloride  and  magnesium  begin  to  '■•ihlimate  off  vigorously  and  con¬ 
dense  at  the  top  of  the  unit,  i*  he  condenser. 

Here,  equipment  productivity  is  increased  by  elimination  of 
the  times  required  to  cool  the  reactor  to  40-60°C  after  comple¬ 
tion  of  reduction  and  heat  it  from  to-60  to  900°C  during  vacuum 
separation,  a3  well  as  elimination  of  the  intervening  disassembly 
and  reassembly  of  the  unit  between  the  reduction  and  vacuum-sep¬ 
aration  processes. 

The  essential  shortcomings  of  the  combined  apparatus: 

the  impossibility  of  checking  it  for  vacuum-tightness  between 
the  reduction  and  separation  processes; 

the  relatively  complex  design; 

the  extremely  violent  sublimation  of  the  magnesium  chloride 
and  magnesium  during  the  initial  separation  phase,  which  makes  it 
necessary  to  cool  the  reaction  mass  after  reduction  to  3Q0-500°C 
in  order  to  avoid  overheating  of  the  condenser  and  obstruction  of 
the  vacuum  system  by  sublimates. 

Extraction  of  Titanium  Sponge  from  Reactor  and  Processing  of 
Sponge 

The  titanium  sponge  that  forms  In  the  reactor  la  strongly 
welded  to  its  walls.  The  effort  that  must  be  applied  to  separate 
the  3ponge  from  the  reactor  material  is  about  40rl00  kg  per  centi- 
meter  of  cutting  perimeter.  The  liner  part  of  the  sponge  Is  nest 
tenaceously  welded  to  the  walls.  It  is  easier  to  separate  titan¬ 
ium  sponge  from  stainless-steel  reactor  walls  than  from  ordinary 
steel,  since  a  layer  composed  of  an  intermediate  alloy  of  titanium 
with  the  stainless  steel  forms  between  the  sponip  and’the  reactor 
material  and  is  easier  to  separate  from  the  reactor  walls.  When 
titanium  is  used  as  the  reactor  inner  lining,  the  sponge  welds  to 
it  so  strongly  that  it  is  practically  impossible  to  remove  it  ftfom 
the  reactor  walls. 

Jackhammers  arc  usually  used  to  separate  the  sponge  liner 
from  the  reactor  walls  and  extract  the  block  of  titanium  sponge 
after  vacuum  separation  has  been  completed  and  the  reactor  has 
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cooled.  Then  the  central  bloom  part  of  the  metal  is  cut  out  and 
the  sponge  block  is  extracted  from  the  reactor. 

Extraction  of  the  sponge  from  the  reactor  by  this  method  is 
an  extremely  strenuous  and  time-consuming  operation.  However, 
mechanical  methods  of  cutting  the  titanium  sponge  out  of  the  re¬ 
actor  have  not  yet  come  into  extensive  industrial  use  owing  to 
the  severe  oxidation  suffered  by  the  titanium  sponge  during  cut¬ 
ting.  Attempts  to  prevent  sponge  oxidation  by  feeding  an  inert 
gas  into  the  cutting  zone  have  not  produced  the  desired  results. 
This  is  partly  because  the  pores  in  the  sponge  itself  contain 
enough  air  to  oxidize  the  metal  vigorously  and  partly  because'  a 
substantial  asiount  of  moisture  is  adsorbed  on  the  sponge  surface. 

Use  of  cut  reaction  mass  (chips)  in  vacuum-  separation  is  of 
interest  from  the  standpoint  of  convenience  and  ease  in  extracting 
the  sponge  from  the  reactor.  However,  as  we  noted  previously,  the 
use  of  out  reaction  mass  lengthens  the  vacuum-separation  time  and 
is  detrimental  to  titanium-sponge  quality. 

In  industrial  tests,  the  titanium-sponge  blocks  were  pressed 
out  of  the  reactor  on  a  320-ton  press.  A  massive  false  bottom 
was  placed  on  the  floor  of  the  reactor  for  this  purpose.  The 
press  rod  passed  through  the  magnesium  chloride  drain  hole  of 
the  reactor  and  bore  on  the  false  bottom,  which  pressed  the  block 
out.  The  sponge  can  be  removed  from  3-4  reactors  in  an  hour  by 
this  method  [316}. 

At  one  of  the  titanium  plants  of  Osaka  Titanium  in  Japan, 
removal  of  the  sponge  is  made  easier  by  fitting  the  reactor  with 
a  perforated-bottom  shell  made  from  low-carbon  steel  about  3  mm 
thlck/1-5^  On  completion  of  vacuum  separation,  the  titanium  sponge, 
which  has  welded  Itself  to  the  shell,  is  extracted  from  the  reac¬ 
tor  with  the  shell;  the  reaetor  la  then  cut  up  and  removed  from 
the  titanium  block,  which  is  cleaned  of  impurity-contaminated 
surface  films  (Kg.  48). 

After  extraction  from  she  reactor  and  cleaning,  the  block  of 
titanium  sponge  is  sent  for  trimming.  First  the  bottom  of  the 
block,  the  liner,  and  the  surfaice  films,  which  contain  large 
Footnote  (15)  is  on  a  page  30$. 
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amounts  of  impurities  and  are  processed 
separately  from  the  main  block,  are  re¬ 
moved  from  it. 

The  main  sponge  block,  the  bloom, 
is  crushed  into  coarse  fragments.  Mech¬ 
anical  or  hydraulic  presses  rated  at  1- 
2  thousand  tons  are  usually  used  for  this 
process.  Presses  equipped  with  devices 
for  squeezing  rather  than  cutting  the 
block  are  preferred,  since  this  mini¬ 
mizes  oxidation  of  the  3ponge.  Presses 
designed  for  crushing  sponge  must  eli¬ 
minate  entry  of  oil,  water,  and  scale 
into  the  sponge,  and  this  makes  bottom- 
drive  presses  more  desirable.  More¬ 
over,  the  mechanical  part  of  the  press 
must  be  protected  from  entry  of  titan¬ 
ium  dust  and  be  explosion  proof. 

The  3ponge  is  then  ground  down  fur¬ 
ther,  usually  in  a  system  of  jaw-crusher 
mills,  followed  by  screening  into  frac¬ 
tions.  Usually,  the  fractions  smaller 
than  2.0  mm  from  the  main  block  and  the 
fraction  smaller  than  6-12  mm  from  the 
bottom  and  lining  are  screened  out  and 
discarded.  The  maximum  size  of  the  ti¬ 
tanium-sponge  fragments  in  commercial 
consignments  normally  ranges  from  12  to 
70  mm.  Naturally,  the  finer  the  sponge, 
the  more  uniform  will  be  the  composition 
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of  the  metal  in  the  commercial  consign¬ 
ment,  but  the  more  finely  the  sponge  is  ground,  the  greater  will 
be  the  danger  of  oxidation  of  the  sponge  and  inferior  sponge 
quality . 

After  the  sponge  has  been  ground  and  the  quality  of  the  metal 
obtained  from  the  various  reactors  has  been  chocked,  batches  of 
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metal  that  are  most  similar  as  regards  chemical  and  granulometric 
composition  and  mechanical  properties  are  combined  to  form  com¬ 
mercial  consignments  weighing  to  5-8  tons.  Each  charge  is  thor¬ 
oughly  mixed  with  any  of  a  variety  of  mixer  types  that  ensure 
rapid  blending  and  do  not  contaminate  the  sponge  with  mixer  mate¬ 
rial.  One  of  the  mixtures  used  at  an  Osaka  Titanium  plant  in 
Japan  is  shown  in  Fig.  49 

_ Graphic  Not  Reproducible 
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Figure  49.  Sponge-processing  department.  In 
the  foreground,  containers  for  storage  and 
transport  of  the  sponge.  In  the  background, 
a  sponge  mixer. 

After  blending,  a  general  sample  is  taken  from  the  consign¬ 
ment  by  quartering  or  automatic  intersection.  The  sample  is 
analyzed  chemically  and  tested  mechanically. 

The  final  titanium  sponge  is  placed  in  sealed  containers,  in 
which  it  is  stored  and  shipped  to  consumers.  Airtightness  of  the 
containers  is  very  Important,  and  the  container  material  must 
have  sufficient  resistance  to  rubbing  by  the  titanium  sponge  dur¬ 
ing  shipment. 

Footnote  (16)  is  on  page  306. 
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Figure  50.  Containers  for  storage  and  trans¬ 
port  of  sponge. 

Sometimes  the  containers  are  evacuated  after  filling  with 
sponge  and  then  filled  with  dried  inert  gas.  These  precautions 
are  sometimes  necessary  for  long-term  storage  of  the  sponge  in 
order  to  prevent  moistening  of  magnesium  chloride  residues  pre¬ 
sent  in  it. 

Towt  containers  made  from  high-strength  aluminum  alloy  and 
capable  of  holding  1  to  2.5  tons  of  titanium  sponge  are  used  ex¬ 
tensively  in  American  practice  for  storage  and  shipment  of  the 
sponge  [18,  107,  108].  These  containers  are  vacuum-tight,  con¬ 
veniently  loaded  and  unloaded,  and  can  be  stored  on  outdoor  plat¬ 
forms  (Fig.  50).  The  containers  used  at  the  Osaka  Titanium  plant 
are  cylindrical,  made  from  galvanized  iron,  and  capable  of  hold¬ 
ing  about  200  liters  (see  Fig.  It9).  After  filling  with  sponge, 
the  bottom,  which  has  an  elastic  gasket,  is  crimped  and  the  con¬ 
tainer  with  the  sponge  is  evacuated  through  a  special  fitting  and 
then  filled  with  dry  inert  gas.^1*^  To  prevent  the  sponge  from 
Footnote  (17)  is  on  page  306, 
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interacting  with  the  container  material,  a  polymer  film  is  bonded 
onto  the  container  inner  surface  and  the  sponge  is  enclosed  in  a 
liner  of  the  same  film  inside  the  container. 
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Chapter  14 

QUALITY  OF  MAGNESIOTHERMIC  TITANIUM  SPONGE 
General  Information 

Recent  years  have  witnessed  the  introduction  of  titanium 
into  new  branches  of  engineering,  including,  primarily,  rocketry, 
shipbuilding,  and  the  chemical  industry.  Hew  refractory  and  heat- 
hardenable  titanium-based  alloys  have  been  developed  and  put  into 
production  to  meet  th"  needs  of  these  branches.  As  a  result,  the 
demands  made  of  the  titanium  sponge  as  regards  purity  have  risen 
sharply;  this  applies  primarily  to  its  content  of  gaseous  impuri¬ 
ties  —  oxygen,  nitrogen,  and  hydrogen. 

It  has  been  established  that  for  many  alloys,  increases  in 
hydrogen  and  oxygen  contents  lower  thermal  stability  and  are  quite 
detrimental  to  plasticity  [175,  page  293.  The  cold-cracking  re¬ 
sistance  of  Joints  welded  in  titanium  alloys  is  lowered  substan¬ 
tially  when  hydrogen  content  increases  [175,  pages  24  and  32], 
Hew,  although  high  hydrogen  content  is  the  basic  cause  of  cold 
cracking  in  the  welded  Joints,  nitrogen  and  oxygen  also  contribute 
to  the  formation  and  development  of  cold  cracks  by  lowering  the 
plasticity  of  the  seam. 

In  view  of  the  harmful  effects  of  gaseous  impurities  on  the 
properties  of  the  alloys,  rigid  upper-limit  standards  have  been 
introduced  for  their  gaseous-impurity  contents.  Por  hydrogen, 
these  limits  range  from  0.005  to  0.0151,  for  oxygen  from  0.02  to 
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0.20$,  and  for  nitrogen  from  C.01  to  0.05 $  [1753. 

Rigid  specifications  as  to  the  purity  of  the  metal  confront 
sponge-titanium  producers  with  the  problem  of  lowering  the  metal’s 
impurity  contents  significantly.  In  view  of  the  contemporary 
trend  toward  expansion  of  the  titanium  industry  and  the  use  of 
titanium  in  engineering,  as  well  as  the  need  to  use  titanium 
scrap  in  the  alloy  after  machining,  it  can  be  stated  with  confi¬ 
dence  that  the  purity  requirements  made  of  titanium  sponge  will 
increase  stadily  in  the  future,  especially  as  regards  its  content 
of  gaseous  impurities. 

Hie  quality  of  titanium  sponge  is  determined  by  the  follow¬ 
ing  basic  characteristics:  chemical  composition  and  I'elated 
mechanical  properties;  the  homogeneity  of  the  metal,  i.e.,  the 
uniformity  of  impurity  distribution  and  mechanical  properties 
throughout  the  entire  volume  of  the  commercial  lot;  absence  of 
oxidized  fragments  and  fragments  with  chemical  composition  dif¬ 
fering  sharply  from  the  basic  mass  in  the  commercial  consignment. 

The  purest  titanium,  which  is  now  produced  by  the  iodide 
method,  contains  less  than  0.01$  02,  about  0.002$  N2,  less  than 
0.02$  Pe,  less  than  0.03$  each  of  C,  Al,  and  Si,  and  traces  of 
hydrogen,  magnesium,  calcium,  and  nickel.  Such  titanium  has  a 
hardness  of  about  50  HB. 

Under  industrial  conditions,  titanium  sponge  produced  by  the 
magneslothermlc  method  usually  contains  0.03-0.15$  02,  0.01-0.04$ 
N2,  0.02-0.15$  Fe,  about  0.002-0.005$  Hg,  0.02-0.12$  Cl,  0.01- 
0.05$  Si,  0.01-0.03$  C,  about  0.01$  Al,  0.01$  Ni,  0.01*  ,  and 
other  impurities.  The  hardness  of  magnesiothermic  sponge  varies 
from  90-100  to  160-180  HB,  and  in  some  cases  to  200-220  HB. 

Table  32  lists  chemical-composition  and  hardness  requirements 
for  titanium  sponge  produced  in  various  countries. 

Owing  to  the  complexity  and  chiefly  to  the  imprecision  of 
existing  methods  for  quantitative  impurity  determination  (especi¬ 
ally  for  oxygen),  determination  of  mechanical  properties  has  been 
introduced  into  the  technical  specifications  for  sponge  titanium 
to  supplement  determination  of  its  chemical  composition.  Here 
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Not*:  Hardness  HB  measured  under  3000-kgf  load  with 
the  oases  marked  with  the  asterisk,  where  the  measure 
respectively. 

•1.  Book  of  A3TM  Stand.,  1958,  No.  2,  p.  7**1 

*2.  Kobe  Titan  brochure,  1961,  and  Osaka  Titanium  brochure 

*3*  Imp.  Chem.  Ind.  (ICX)  brochure.  Wrought  Titanium,  1959 

*5.  Toho  Titanium  brochure,  1961 

*5.  Tikrutan  brochure,  1962. 

•6.  Pechiney  brochure,  1961 
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the  mechanical  properties  are  regarded  as  a  generalized  character¬ 
ization  of  the  metal's  chemical  composition.  It  is  obvious  that 
in  this  case,  mechanical  properties  obtained  for  the  metal  by  any 
given  method  must  reflect  its  chemical  composition  as  accurately 
as  possible  and  be  independent  of  other  factors.  Hardness  deter¬ 
mined-on  a  cast  specimen  is  the  mechanical  property  that  meets 
this'  condition  best  [178-1813. 

Influence  of  Impurities  on  the  Hardness  of  Sponge  Titanium 

Wie  following  impurities  are  encountered  in  appreciable  quan¬ 
tities  in  sponge  titanium:  nitrogen,  oxygen,  hydrogen,  iron,  car¬ 
bon,  silicon,  and  chlorine.  Many  investigators  have  concerned 
themselves  with  study  of  the  influence  of  these  impurities  on  the 
hardness  of  ingots  melted  out  of  the  sponge  [178-181,  18**  ].  The 
Influence  of  the  impurities  listed  above  on  the  properties  of 
technically  pure  titanium  after  thermomechanical  processing  has 
been  the  subject  of  several  papers  [180,  181]. 

Since  the  hardness  of 
titanium  produced  by  arc  re-  . 
melting  is  one  of  the  basic 
criteria  that  determine  sponge 
quality,  a  number  of  authors 
have  studied  the  influence  of 
impurities  on  the  hardness  of 
control  ingots  [179-181,  l8i|]. 

A  distinctive  feature  of  Mac- 
Kinly's  method  [181]  is  the  ad¬ 
dition  of  various  irq?urities  in 
_ _ _ .  predetermined  amounts  to  pure 

.  '"zzizrz.zrr*  « *>• 

[1803  used  test  results  from 

Figure  51,  Hardness  increase  _ _ .  *  .. 

AHB  of  cast  specimen  as  a  152  consignments  of  sodlother- 

f unction  of  nitrogen,  oxygen,  mlc  titanium  produced  under  in- 

and  iron  contents.  I)  Accord-  .  .  .  .  ....  .  .  .  . 

ing  to  [163;  II)  according  to  atrial  conditions  and  obtained 

[10];  III)  according  to  [11].  the  following  relationship  be¬ 
tween  Impurity  contents  and 
hardness: 
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nie  Influence  of  Impurities  on  control-ingot  hardness  was 
studied  in  [178,  179,  1 84 3  by  correlation  analysis  of  the  results 
of  tests  on  2500  industrial  consignments  of  magnesiothermic  titan¬ 
ium  sponge.  It  was  established  that  the  principal  hardening  im-  . 
purities  in  titanium  under  Industrial  conditions  are  iron,  nitro¬ 
gen,  and  oxygen. 

Figure  51  shows  the  increases  in  specimen  hardness  with 
changes  in  the  contents  of  these  impurities  according  to  various 
authors  [179-181,  184],  The  information  given  here  differs  rather 
substantially  as  regards  the  degree  to  which  oxygen  influences 
ingot  hardness.  This  may  be  because  the  methods  used  to  determine 
oxygen  content  in  the  sponge  were  not  accurate  enough. 

The  weaker  influence  of  iron  on  hardness  according  to  Brown 
is  apparently  to  be  explained  by  the  fact  that  these  data  were 
obtained  from  a  study  of  sodiothermic  powder,  which  differs  sub¬ 
stantially  from  magnesiothermic  sponge  in  its  iron  content  and 
distribution. 

The  observed  fluctuations  from  0.01  to  0 . 04%  C  and  from  0.02 
to  0.05*  Si  in  the  sponge  have  little  effect  on  its  hardness  (at 
most  8-10  HB  units). 

Sources  of  Contamination  In  Titanium  Sponge 

The  average  impurity  contents  in  magnesiothermic  sponge  ti¬ 
tanium  produced  over  the  long  term  under  industrial  conditions  are 
as  follows  for  the  blooms:  0.04*  Og,  0.016*  Ng,  0.06*  Fe,  0.030* 
Si,  0.0231  C. 

Table  33  lists  impurity  contents  in  the  titanium  tetrachlo¬ 
ride,  magnesium,  and  argon  typically  used  under  industrial  condi¬ 
tions  for  titanium  production  [184]. 

Influence  of  Impurities  present  in  the  TiCli| 

About  40*  of  all  the  nitrogen,  more  than  20*  of  the  oxygen, 
about  15*  of  the  iron,  and  much  of  the  carbon  are  introduced  into 
the  sponge  together  with  the  TiCljj.  The  sponge-hardness  increase 
that  results  from  impurities  present  in  the  TiCl^  represents  about 
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TABLE  33 

Chemical  Composition  of  TiCl^,  Magnesium,  and  Argon  Used  in  Titan¬ 
ium  Reduction 


Purified  TiClA,  X  Magnesium,  X  Argon,  X 

. it _  _  . .  i  .  ~  _ 1 
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40*  of  the  total  increment  frcm  introduction  of  impurities  by  all 
other  sources. 

The  elementary  composition  of  the  TiClj,  has  not  yet  been  stud¬ 
ied  throughly  enough,  although  about  20  impurities  of  inorganic 
and  organic  origin  have  already  been  Identified  in  it  and  it 
was  assumed  until  recently  that  there  were  only  six  (SiCl4,  AlCl^, 
VOClj,  KeClj,  COClg,  and  chlorine).  More  than  4  tons  of  TiCl4 
are  used  for  each  ton  of  titanium  sponge.  Practically  all  of 
the  Impurities  are  transferred  trom  the  TiCi4  into  the  sponge,  so 
that  the  imparity  contents  in  the  metal  will  be  more  than  4  times 
the  levels  in  the  TiCl^. 

A  certain  amount  of  dissolved  air  may  also  be  present  in  the 
TiCljj  in  addition  to  the  bound  oxygen  and  nitrogen  [184,  185]. 

This  requires  filling  the  systems  used  to  store  the  purified  TiCl4 
and  transport  it  to  the  reduction  reactors  with  an  inert  gas  that 
prevents  the  TlClj,  from  reacting  with  air. 

Influence  of  impurities  present  in  the  magnesium 

About  20 *  of  the  N2,  40*  of  the  02,  and  15*  of  the  Fe  are 
introduced  into  the  sponge  together  with  the  magnesium.  The 
sponge-hardness  Increment  due  to  the  impurities  present  in  the 
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magnesium  is  about  30?  of  the  total  hardness  rise. 

Under  typical  industrial  conditions,  the  magnesium  is  loaded 
into  the  reactor  at  the  beginning  of  the  reduction  process  ir.  an 
amount  sufficient  to  support  the  entire  cycle  without  replenish¬ 
ment.  The  mass  of  the  magnesium  in  the  reactor  is  then  1.5  times 
the  mass  of  the  commercial  titanium  sponge  produced.  Since  most 
of  the  Impurities  will  be  transferred  from  the  magnesium  into  the 
titanium  sponge,  their  contents  in  the  sponge  will  be  1.5  times 
higher  than  in  the  magnesium. 

However,  it  must  be  remembtred  that  when  TiCljj  is  fed  into 
a  reactor  holding  liquid  magnesium  under  these  conditions,  the 
impurities  present  in  the  magnesium  will  interact  primarily  with 
the  TiCljj  and  with  the  titanium  that  has  formed,  and  will  be 
deposited  on  the  floor  and  walls  of  the  reactor.  Adsorption  of 
these  impurities  on  the  surface  of  the  titanium  sponge  formed 
early  in  the  process  is  another  possibility.  Hence  the  3ponge 
that  is  deposited  on  the  bottom  and  walls  of  the  reactor  during 
the  first  phase  of  the  process  is  more  heavily  contaminated  by 
impurities  than  the  basic  mass  of  the  3ponge;  during  processing 
of  the  block,  these  parts  of  the  sponge  must  be  removed  and 
scrapped.  Thus,  the  magnesium  is  purified  of  most  of  its  impuri¬ 
ties  in  t'ne  reactor  at  the  start  of  the  process.  There  are  known 
methods  for  purifying  the  magnesium  before  placing  it  in  the  re¬ 
actor  by  pretreatment  with  titanium  tetrachloride  in  a  special 
apparatus/1^ 

To  improve  the  quality  of  magnesium  for  use  in  reduction  of 
TiCljj,  it  is  necessary  to  prevent  its  contamination  by  improving 
the  purity  of  the  raw  material  used  in  the  magnesium  electrolyzers 
to  produce  the  magnesium,  to  electrolyze  the  magnesium  at  the 
lowest  possible  temperatures,  to  store  it  in  mixers,  and  to  trans¬ 
port  the  purified  molten  magnesium  and  load  it  into  the  reduction 
reactors  under  conditions  that  prevent  it  from  interacting  with 
air.  Transfer  of  the  magnesium  through  pipes  with  electromagnetic 
or  Induction  pumps  and  filtration  of  the  metal  through  cermet 
filters,  and  titanium  filters  in  particular,  are  promising  [184]. 

Footnote  (1)  is  on  page  325. 
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Recent  research  Indicates  that  if  special  measures  are  ob¬ 
served,  unrefined  magnesium  taken  directly  from  magnesium  electro¬ 
lyzers  can  be  used  in  reduction  reactors  [330]. 

Contamination  of  titanium  by  reactor  material 

About  50-70*  of  the  iron  present  in  titanium  sponge  enters  it 
as  a  result  of  reactions  between  the  titanium  and  the  reactor 
material.  The  melting  point  of  the  eutectic  Ti-Fe  alloy  is  about 
1085°C.  Use  of  type  lKhl8N9T  chrome-nickel  steel  results  in  the 
formation  of  a  complex  eutectic  alloy  with  a  melting  point  of 
980-1000°C.  Since  the  reduction  process  is  carried  out  at  tem¬ 
peratures  up  to  900°C  and  the  separation  at  temperatures  up  to 
1050°C,  the  titanium  may  alloy  very  rapidly  with  the  reactor  mate¬ 
rial.  The  rate  and  depth  of  mutual  diffusion  between  titanium  and 
iron  are  quite  high.  Moreover,  the  titanium  sponge  is  contami¬ 
nated  by  nickel  and  chromium  as  well  as  iron  when  chrome-nickel 
steels  are  used  as  reactor  materials. 

The  iron,  nickel,  and  chromium  used  in  the  reactor  material 
interact  with  the  titanium;  they  also  dissolve  in  fused  magnesium. 
The  reactor  material  interacts  with  TiCl4  at  high  temperatures. 

It  has  been  established  that  titanium  tetrachloride  reacts  slowly 
with  the  reactor  material  up  to  600°C,  but  that  the  rate  of  the 
interaction  rises  sharply  at  higher  temperatures.  About  20-25* 
of  the  total  iron  enters  the  sponge  as  a  result  of  solution  of 
reactor  1  "terial  in  the  magnesium  and  the  interaction  with  TiCl4> 
It  has  recently  been  found  that  among  the  suitable  structural 
materials,  types  0Khl7,  lKhl3,  Kh25T,  and  other  chrome  steels  are 
more  stable  in  the  presence  of  magnesium  and  titanium  tetrachlo¬ 
ride  than  St.  3  end  lKhl8N9T  [184]. 

It  has  been  established  that  a  major  part  of  the  impurities 
from  the  reactor  material  into  the  titanium  during  vacuum  separa¬ 
tion,  especially  in  the  last  phase,  when  the  tenperature  at  the 
wall-titanium  interface  is  highest.  In  work  with  reactors  made 
from  St.  3  steel,  it  is  necessary  to  watch  carefully  for  the  for¬ 
mation  of  scale  on  the  inner  surface  of  the  reactor  as  it  it  be¬ 
ing  prepared  for  the  process.  It  is  also  necessary  to  remember 
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the  possibility  of  surface  melting  of  the  heat  shields  installed 
in  the  reactor,  which  may  also  contaminate  the  titanium  sponge. 

To  protect  the  titanium  sponge  from  contamination  by  impuri¬ 
ties  transferred  into  it  from  the  reactor  material,  it  is  neces¬ 
sary  to  lower  the  temperature  and  shorten  the  cycle  time  in  re¬ 
duction  and  vacuum  separation,  to  remove  heat  shields  from  the 
reaction  zone,  and  to  use  reactors  made  from  steels  that  react 
minimally  with  titanium  sponge,  magnesium,  and  titanium  tetra¬ 
chloride  . 

Great  interest  attaches  to  reactors  with  two  layers  of  steel 
—  an  outer  layer  that  resists  scaling  and  an  inner  layer  made 
from  a  steel  with  less  tendency  to  react  with  titanium,  magnesium, 
and  TiCljj .  Use  of  titanium  for  the  inner  reactor  layer  is  effec¬ 
tive.  Then,  however,  the  sponge  welds  very  tight  to  the  titanium 
walls,  as  we  indicated  above,  and  this  greatly  complicates  ex¬ 
traction  of  the  sponge  from  the  reactor.  Various  coatings,  in- 

(2) 

eluding  nickel-plating,  'have  been  proposed  for  the  reactor  inner 
walls  to  prevent  interaction  between  the  titanium  and  the  reactor 
material. 

Influence  of  chlorine 

As  a  rule,  chlorine  is  present  in  magnesiothermic  titanium 
sponge  in  amounts  from  0.02  to  0.12*  Cl.  During  remelting  of  the 
titanium  sponge,  all  of  the  chlorine  is  eliminated  from  the  metal, 
and  it  has  no  marked  effect  on  ingot  quality. 

A  misconception  that  prevailed  at  one  time  was  that  all  of 
the  chlorine  present  in  the  titanium  sponge  was  bound  to  magnes¬ 
ium  as  the  chloride,  which  did  not  distill  out  of  the  sponge  dur¬ 
ing  vacuum  separation.  It  was  considered  impossible  for  other 
chlorides,  such  as  those  of  calcium,  manganese,  chromium,  lower 
titanium  chlorides,  and  others,  as  well  as  chlorine  and  hydrogen 
chloride  absorbed  on  the  sponge  surface  to  exist  in  the  sponge. 
However,  the  fact  that  the  chlorine  content  in  the  sponge  is  al¬ 
ways  somewhat  larger  than  the  amount  that  the  magnesium  present 
in  the  sponge  could  bind  demonstrates  that  not  all  of  the  chlorine 
present  in  the  sponge  is  bound  into  magnesium  chloride.  Moreover, 

Footnote  (2)  is  on  page  325. 
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Industrial  practice  has  shown  that  even  substantial  Increases  in 
temperature,  hardness  of  vacuum,  and  vacuum-separation  time  do 
net  remove  all  of  the  chlorine  from  titanium  sponge,  indicating 
the  presence  of  less  volatile  chlorine  compounds  in  the  3ponge. 
This  may,  of  course,  be  due  to  some  degree  to  the  fact  that  part 
of  the  mcgnesiuir,  chloride  is  in  closed  pores  deep  inside  the 
sponge,  from  which  removal  of  the  vapors  is  difficult. 


As  we  know,  magnesium 
chloride  is  an  extremely  hydro¬ 
scopic  compound,  forming  crys¬ 
tal  hydrates  with  1  to  12  water 
molecules  on  interaction  with 
moist  air.  Hydrates  contain¬ 
ing  6,  k,  and  2  molecules  of 
water  exist  at  temperatures 
above  0°C.  Since  the  titanium 
sponge,  which  contains  magnes¬ 
ium  chloride,  is  exposed  to 
air  during  extraction  from  the 
reactor,  crushing,  and  prepara¬ 
tion  for  melting,  the  magnesium 
chloride  may  take  up  as  many  a3 
6  moles  of  water  per  mole  of 
MgCl3 .  During  remelting  of  such 


Sponge  IMEoivfne?  content , 

%  (by  mass) 

Figure  52.  Oxygen  content  in 
sponge  and  hardness  increase 
of  cast  specimen  as  functions 
of  its  content  of  chlorine 
bound  in  magnesium  crystal 
hydrates.  r***2. 

sponge,  some  of  the  oxygen  present  in  the  water  of  crystallization 
enters  the  metal,  to  the  detriment  of  its  properties. 


Figure  52  shows  sponge  oxygen  content  and  the  increment  in 
the  hardness  of  the  metal  as  functions  of  sponge  chlorine  content 
and  the  amount  of  water  in  crystal-hydrate  form.  The  hardness  in¬ 
crement  was  computed  as  a  function  of  oxygen  content  after  Mac— 
Kinly  [181]. 

When  the  crystal  hydrates  are  heated  to  182°C,  removal  of 
water  lowers  the  content  to  2  moles  per  mole  of  MgClg.  Furthtr 
heating  hydrolyzes  the  dihydrate  and  forms  the  compound  MgO. 
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All  of  the  oxygen  present  in  the  MgO  is  transferred  _r;tc  tne 
titanium  when  the  sponge  is  remelted  in  vacuum  arc  furnaces.  Thus, 
in  analyzing  the  effects  of  chlorine  on  sponge  oxygen  content  and 
hardness,  it  is  necessary  to  use  a  relationship  that  connects 
these  quantities  when  an  oxygen  source  is  present  in  the  sponge  in 
the  form  of  MgO.  As  we  3ee  from  Pig.  52,  a  0.013  increase  in 
chlorine  content  results  in  an  increase  of  about  0.0043  in  oxygen 
content  and  an  increase  in  hardness  by  2  HB  units. 

These  increases  in  oxygen  content  and  hardness  occur  if  all 
of  the  magnesium  chloride  present  in  the  sponge  has  been  hydro¬ 
lyzed.  However,  as  we  indicated  above,  some  of  the  magnesium 
chloride  is  in  closed  pores  and  therefore  cannot  interact  with 
atmospheric  moisture.  This  is  supported  by  the  studies  of  V.V. 
Sergeyev  et  al.  C 1 89 ] ,  who  established  that  the  relative  oxygen- 
content  and  hardness  increments  are  smaller  when  the  chlorides 
are  thoroughly  distilled  out  of  the  sponge  (down  to  0.06-0.083 
Cl)  than  at  chlorine  contents  above  0.08-0.103.  The  authors  of 
[189]  take  this  as  an  indication  that  much  of  the  chlorine  is 
in  closed  pores  in  the  sponge  at  chlorine  contents  below  0.06- 
0.083.  Since  it  is  not  possible  under  ordinary  vacuum-separation 
conditions  to  remove  chlorine  from  the  sponge  down  to  contents  of 
less  than  0.02-0.053,  it  must  be  assumed  that  this  amount  of  chlo¬ 
rine  is  either  in  closed  pores  or  bound  in  less  volatile  chlorides. 
All  of  this  indicates  that  the  influence  of  chlorine  on  sponge 
oxygen  contamination  and  hardening  should  be  somewhat  weaker  than 
Pig*  53,  a  and  b,  indicates.  It  has  been  established  in  prac¬ 
tice  that  0.013  of  Cl  increases  the  hardness  of  the  metal  by  1- 
1.5  HB  units,  which  corresponds  to  an  increase  in  sponge  oxygen 
content  by  *'<0.0023. 

To  prevent  contamination  of  the  titanium  with  oxygen  from 
MgO,  it  is  necessary  to  carry  the  vacuum-separation  process  to 
the  point  of  maximum  removal  of  magnesium  chloride  from  the 
sponge.  Here,  however,  it  must  be  remembered  that  extending  the 
vacuum-separation  process  cannot  lower  the  chlorine  content  much 
below  the  limits  indicated,  and  that  seepage  of  air  into  the 
vacuum  unit  may  inject  the  titanium  sponge  with  more  oxygen  than 
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Graphic  Not  Reproducible 

I  the  residues  of  magnesium  chloride  that 

have  not  been  driven  out  of  the  sponge 
can  bind.  In  addition,  as  the  separa¬ 
tion  time  is  extended,  the  sponge  also 
becomes  contaminated  by  iron  and  nitro¬ 
gen  owing  to  the  reaction  with  the  re¬ 
actor  material. 

It  is  therefore  very  important  to 
establish  an  optimum  permissible  chlo¬ 
rine  content  in  the  sponge  arid  optimum 
temperatures  and  times  for  the  vacuum- 
separation  process.  In  most  cases,  the 
permissible  amount  of  chlorine  in  mag- 
nesiothermic  titanium  sponge  is  0.08- 
0.15*  (see  Table  32).  G.M.  Vaynshteyn 
et  al.  [106,  page  88]  found  that  varia¬ 
tion  of  sponge  chlorine  content  in  the 
0.08-0. 12?  range  has  no  marked  influ¬ 
ence  on  the  mechanical  properties  of 
ingots  and  sections  cast  from  this 
sponge  and  does  not  complicate  sponge¬ 
melting  technology. 

To  prevent  deterioration  of  sponge 

Figure  53.  Structure  quality  as  a  result  of  hydrolysis  of 

of  titanium  sponge 

obtained  from  various  MgCl2,  it  is  also  necessary  to  minimize 

points  in  reactor.  the  time  0f  oontact  between  moist  air 

The  numerals  indicate 

the  density  of  the  and  the  reaction  mass  after  reduction 

sponge.  and  the  titanium  sponge  after  vacuum 

separation,  and  to  provide  for  storage  of  the  sponge  in  airtight 
containers.  As  we  indicated  earlier,  contains  filled  with  sponge 
are  sometimes  evacuated  and  then  filled  with  a  dry  inert  gas.  In 
some  cases,  a  special  container  with  a  compound  that  is  more 
hydroscopic  than  MgClg,  3uch  as  AlCl^,  etc.,  is  placed  in  the 
container  with  the  3pongi ^[199 ]• 


Good  results  are  obtained  by  drying  the  sponge  before  melt¬ 
ing,  or  consumable  electrodes  pressed  from  it,  at  80-100°C.  It 
Footnote  (3)  is  on  page  325^ 
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has  been  established  under  laboratory  conditions  that  drying  the 
sponge  before  remelting  removes  practically  all  moisture  residues 
from  it  and  thus  prevents  hardness  increase  in  the  ingots  cast 
from  it.  It  has  been  demonstrated  that  all  moisture  can  be  re¬ 
moved  from  the  sponge  by  vacuum-treating  it  at  temperatures  above 
40°C;  moisture  can  be  eliminated  completely  from  a  pressed  consum¬ 
able  electrode  in  a  vacuum  at  100°C  [190,  207]. 

Influence  of  other  contamination  sources 

Seepage  of  air  into  the  reduction  reactor  and  especially  into 
the  separation  reactor  is  an  important  source  of  titanium-sponge 
contamination  by  oxygen  and  nitrogen. 

Normally,  air  leaks  into  a  cold  separator  at  1. 0-2.0  ym/min. 
The  hardness  increase  that  results  from  the  higher  oxygen  and 
nitrogen  contents  in  the  sponge  may  range  from  5-0  to  10  HB.  Ob¬ 
viously,  somewhat  more  air  will  seep  into  a  hot  unit  than  into  a 
cold  one. 

The  inert  gas  forming  the  atmosphere  for  the  reduction  and 
vacuum-separation  processes  is  another  source  of  oxygen  and  nitro¬ 
gen  contamination  of  the  sponge.  To  purify  the  inert  gas  before 
feeding  it  into  the  reactor,  it  is  passed  through  a  layer  of 
titanium  sponge  that  has  been  heated  to  800-900°C  Mid  placed  In 
a  special  retort  mounted  in  the  electric  furnace  [18**]. 

Titanium  sponge  may  be  contaminated  by  oxygen  and  nitrogen 
during  its  removal  from  the  reactor  and  during  crushing.  This 
makes  it  desirable  to  remove  the  sponge  from  the  reactor  with  a 
minimum  of  mechanical  effort  and  not  to  permit  overgrinding  of 
the  titanium  sponge  during  crushing  and  milling. 

Titanium  3ponge  may  be  contaminated  by  carbon,  which  enters 
it  together  with  oil  vapor  during  vacuum  separation.  This  occurs 
in  the  event  of  vacuum-pump  shutdown  without  actuation  of  the 
system's  vacuum  shutoff.  The  incandescent  titanium  sponge  then 
acts  as  a  getter,  the  pressure  in  the  reactor  drops,  and  vacuum- 
oil  vapor  is  sucked  into  it  from  the  vacuum  system. 
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Distribution  of  Impurities  In  the  Sponge  end  Homogeneity  of  Com¬ 
mercial  Consignments 

Uniformity  of  chemical  composition  and  mechanical  properties 
is  one  of  the  basic  indicators  that  determine  the  quality  of 
sponge  titanium,  since  it  determines  to  a  substantial  degree  the 
uniformity  of  titanium  ingots  cast  from  the  sponge  and  titanium 
"oiled  produces.  The  rather  high  reduction  rate  of  titanium  in¬ 
gots  and  rolled  stock  that  now  prevails  is  a  consequence  of  their 
chemical-composition  and  mechanical-property  nonuniformity. 

Consignments  of  commercial  titanium  sponge  weighing  up  to 
4-8  tons  are  currently  made  up  from  metal  obtained  in  several 
reactors.  Prom  500  to  1500  kg  of  titanium  sponge  are  extracted 
from  each  reactor  after  the  process.  It  is  therefore  necessary 
to  blend  the  sponges  produced  in  several  reactors  in  order  to  pro¬ 
duce  a  commercial  lot.  Under  these  conditions,  it  is  very  Impor¬ 
tant  that  the  sponge  in  each  reactor  taken  separately  and  that 
from  all  reactors  whose  metal  is  taken  to  make  up  a  commercial 
consignment  be  uniform. 

However,  owing  to  peculiarities  of  the  magnesium  reduction 
of  TICljj  and  vacuum  separation  of  the  reaction  mass,  the  impuri¬ 
ties  present  in  the  titanium  block  are  not  uniformly  distributed. 

However,  statistical  reduction  of  the  results  obtained  from 
determination  of  chemical  composition  for  samples  taken  at  var¬ 
ious  points  in  a  block  of  titanium  sponge  indicate  that  the  Im¬ 
purities  are  distributed  in  characteristic  zones  of  the  block  if 
the  composition  of  the  starting  materials  is  kept  constant  and 
the  reduction  and  separation  processes  are  carried  out  under 
standard  conditions.  This  makes  it  possible  to  remove  a  substan¬ 
tial  part  of  these  impurities  from  the  titanium  sponge  during 
cutting  and  grinding  of  the  block  [172]. 

The  liner  section  of  the  sponge,  which  has  a  developed  sur¬ 
face,  is  first  to  interact  with  air  that  seeps  into  the  reactor 
and  with  the  nitrogen  and  oxygen  present  in  the  argon  with  which 
the  reactor  is  supplied.  Lower  titanium  chlorides  and  dispersed 
magnesium  are  often  found  on  the  surface  of  the  lining  sponge 
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during  the  reduction  process.  When  the  reactor  is  opened,  the 
lower  titanium  chlorides  and  disperse  magnesium  oxidize  and  con¬ 
taminate  the  sponge  (especially  the  lining)  with  oxygen. 

The  magnesium  chloride  becomes  saturated  with  water  when  che 
reduction  reactor  holding  the  reaction  mass  is  disassembled  and 
the  mass  is  brought  into  contact  with  air.  The  lining  3ponge  and 
the  surface  layers  of  the  main  titanium-sponge  block  are  first 
to  be  saturated  with  moisture.  In  the  subsequent  vacuum-separa¬ 
tion  process,  oxygen  enters  the  sponge  from  the  hydrolysed  mag¬ 
nesium  chloride. 

The  surface  layers  of  the  sponge,  which  come  Into  contact 
with  the  reactor  material,  contain  substantia!  amounts  of  iron 
and  carbon,  as  well  as  nickel,  chromium,  and  manganese  if  the 
reactor  is  made  from  stainless  steel. 

The  bloom  section  of  the  titanium  sponge  is  purest  and  most 
uniform,  provided  that  TiCl^  and  argon  of  the  same  composition 
have  been  fed  into  the  reactor  throughout  the  reduction  process. 

During  processing  of  the  titanium  block,  its  bottom  and 
liner,  the  surface  layers  of  the  sponge,  and  the  film  are  sepa¬ 
rated  from  it  to  obtain  high-grade  uniform  metal  and  used  after 
special  purification  to  make  up  lower-grade  commercial  consign¬ 
ments.  After  removal  of  the  contaminated  metal,  the  main  bloom 
of  the  block  is  processed  and  consigned  separately. 

Owing  to  peculiarities  of  the  reduction  and  vacuum-separa¬ 
tion  processes,  the  titanium  sponge  varies  in  structure  and  den¬ 
sity.  Figure  53  shows  cypical  sponge  structures  and  densities  in 
various  reactor  zones.  Granulometric  conyositions  and  specific 
surface  areas  of  titanium  sponge  are  listed  in  Tables  35  and  36 
(see  pages 

Uniformity  of  the  metal  in  commercial  consignments  is  ensv 
by  blending  matched  sponges  with  the  closest  similarity  of  chemi¬ 
cal  composition  and  mechanical  properties.  Usually,  it  is  suf¬ 
ficient  to  know  the  chlorine  content  and  hardness  of  the  sponge 
obtained  from  each  reactor  to  make  up  c  uniform  blend. 
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After  batching  and  thorough  blending,  chemical  composition 
and  hardness  are  determined  for  a  cast  specimen  smelted  out  of 
a  general  sample  taken  from  the  over-all  charge,  so  that  commer¬ 
cial  consignments  of  metal  with  uniform  composition  and  mechani¬ 
cal  properties  are  obtained  [12,  16]. 

Inclusions  of  gas-saturated  and  iron-alloyed  metal  that  are 
encountered  in  titanium  sponge  cause  considerable  difficulty  in 
rolling  titanium  ingots.  In  some  cases,  these  inclusions  may  not 
be  thoroughly  melted  during  remelting  of  such  sponge  in  vacuum- 
arc  furnaces,  and  they  may  enter  the  ingot  in  the  foru  of  inhomo¬ 
geneous  inclusions.  When  these  ingots  are  rolled,  the  defects 
cause  exfoliation  of  semifinished  products  and  form  large  inclu¬ 
sions  in  them,  so  that  their  mechanical  properties  drop  sharply 
and  they  must  be  rejected. 

To  prevent  3uch  inclusions  from  entering  the  ingots,  it  is 
necessary  to  prevent  softening  of  the  reactor,  to  remove  oxidized 
areas  completely  from  the  surface  of  the  titanium  block,  and  to 
cut  off  the  surface  layer  and  films  before  breaking  up  the  sponge. 
During  milling,  it  is  extremely  important  to  avoid  overrefinement 
of  the  sponge,  since  this  results  in  vigorous  oxidation.  More 
over,  it  is  extremely  difficult  to  remove  inclusions  from  a  finely 
crushed  product.  The  sponge  must  be  carefully  graded  after  crush¬ 
ing,  during  which  the  opportunities  for  oxidation  must  be  mini¬ 
mized. 

To  prevent  small  inclusions  from  entering  critically  stressed 
products,  the  use  of  fine  sponge  should  be  avoided  in  smelting  out 
ingots  and  making  semifinished  pieces  that  will  go  into  products 
of  which  high  reliability,  stability,  and  strength  are  required 
in  heavy-duty  operation.  Use  of  fine  sponge  should  be  limited 
for  the  most  part  to  smelting  ingots  for  less  vital  applications. 
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Chapter  IS 

REDUCTION  OF  TITANIUM  TETRACHLORIDE  BY  SODIUM 

History  of  Development  of  the  Sodlothermlc  Method 

Like  magnesium,  sodium  is  one  of  the  most  common  elements  in 
nature.  Its  content  in  the  earth’s  crust  is  2.4*.  In  the  table 
of  abundances  In  the  earth's  crust,  sodium  comes  after  oxygen, 
silicon,  aluminum,  iron  and  calcium.  Vast  deposits  of  rock  3alt 
and  a  highly  developed  Industry  that  produces  the  metal  by  elec¬ 
trolysis  of  sodium  hydroxide  or  fused  sodium  chloride,  together 
with  the  comparatively  moderate  cost  of  metallic  sodium,  make 
this  metal  available  for  use  as  a  reducing  agent  in  the  produc¬ 
tion  of  titanium. 

In  1966,  world  sodium  production  (outside  of  the  USSR)  came 
to  about  250-300  thousand  tons  per  year,  of  which  about  50*  were 
produced  by  electrolysis  of  fused  sodium  chloride  in  Downs  elec¬ 
trolyzers.  Sodium  produced  by  this  method  Is  distinguished  by 
rather  high  purity  (99*6*). 

Sodium  has  a  high  affinity  for  chlorine  (-AZ£aC1  *  56.5 
kcal/g-atom  of  chlorine),  which  is  13-5  kcal/g-atom  of  chlorine 
higher  at  800°C  than  the  affinity  of  titanium  to  chlorine  (“AZ^ici^ 

*  .13.5  kcal/g-atom  of  chlorine);  this  is  sufficient  for  complete 
reduction  of  TiCl^  oy  metallic  sodium.  Titanium  and  sodium  are 
practically  insoluble  in  one  another. 
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All  of  these  factors  taken  together  with  the  technological 
aspects  of  the  reduction  process  make  sodium  one  of  the  most  pro¬ 
mising  reducing  agents  for  the  organization  of  a  modern  large- 
'  ale,  high-efficiency  titanium-producing  process. 

Titanium  tetrachloride  was  first  reduced  to  the  metal  and 
to  TiCl,.  [sic]  with  sodium  in  a  1875  by  the  Russian  scie-  tist 
P.K.  Kirillov  [209].  Attempts  made  earlier  by  Berzelius  (1825), 
Wohler  (1857),  and  a  number  of  other  scientists  to  reduce  potas¬ 
sium  fluotitanate  with  sodium  had  not  produced  the  desired  re¬ 
sult  —  no  metallic  titanium  was  formed.  Only  in  1887',  i.e.,  12 
years  after  D.K.  Kirillov,  did  Nilson  and  Petersson  succeed  in 
preparing  metallic  titanium  by  reducing  TiCl^  with  sodium  in  a 
steel  bomb  [274 ] -  Using  a  similar  method,  Moissan  obtained  956 
pure  titanium  in  1390  [66,  2753*  Pure  titanium  (about  99.96) 
was  produced  by  Hunter  et  al.  in  1910  by  sodium  reduction  of 
specially  purified  titanium  tetrachloride  in  an  evacuated  steel 
bomb  [67].  These  experiments  were  reproduced  by  Lely  and  Ham¬ 
burger  [278]  ir.  1914 ,  and  the  process  was  later  studied  by  Belle 
[279]  in  a  somewhat  modified  form  (using  sodium  hydride  as  the 
reducer) . 

We  see  from  the  above  that  the  sodiothermic  method  of  re¬ 
ducing  titanium  was  developed  under  laboratory  conditions  at  a 
somewhat  earlier  date  than  the  magnesiothermlc  method.  However, 
major  difficulties  that  arose  in  work  with  such  a  chemically  ac¬ 
tive  metal  as  sodium,  the  need  to  carry  out  the  process  in  a  bomb, 
and  the  long-standing  idea  that  the  process  represented  an  explo¬ 
sion  hazard  slowed  the  development  of  the  sodiothermic  method.  On 
the  basis  of  these  difficulties,  Kroll,  the  originator  of  the 
magnesiothermlc  method,  regarded  the  sodium  reduction  of  titan¬ 
ium  tetrachloride  as  altogether  hopeless  [2^5]. 

However,  experiments  carried  out  with  the  method  in  19^0- 
1943  by  the  Oerman  firm  Degussa  Indicated  that  the  process  could 
be  carried  out  in  an  inert  atmosphere  at  standard  pressure  [280]. 
This  method  was  applied  on  a  rather  large  scale  in  Germany  to  pro¬ 
duce  titanium  powder  for  use  in  igniter  charges  and  as  a  getter  in 
vacuum  electronics.  The  reduction  was  carried  out  in  an  iron  pot 
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In  a  sealed  reactor.  The  reaction  mixture,  which  consisted  of  a 
eutectic  mixture  of  sodium  and  potassium  chlorides  in  1:1  pro¬ 
portions  and  metallic  sodium,  was  fused,  gaseous  titanium  tetra¬ 
chloride  was  fed  into  the  melt,  and  an  agitator  was  started  to 
stir  the  bath.  The  end  of  the  process  was  indicated  by  jamming 
of  the  agitator  by  the  titanium  that  had  accumulated  in  the  re¬ 
actor. 


Tne  sodiothermic  process  was  later  improved  in  England, 
which  had  a  developed  metallic-sodium  industry;  the  production 
of  magnesium  in  England  was  and  remains  quite  limited  owing  to 
the  absence  of  a  cheap  magnesium  raw  material.  In  1851,  the 
British  firm  Imperial  Chemical  Industries  (ICI),  one  of  the  main 
producers  of  metallic  sodium,  began  to  operate  an  industrial 
sodiothermic  installation  with  a  capacity  of  150  tons  cf  titan¬ 
ium  per  year,  whose  reactors  had  a  cycle  output  of  about  ^5  kg  of 
titanium  [281,  282].  In  1955,  the  same  firm  built  a  sodiothermic 
plant  with  a  capacity  of  1500  tons  of  titanium  per  year  at  Wilton, 
Yorkshire;  it  used  a  sealed  steel  reactor  in  which  the  reduction 
was  carried  out  in  an  inert-gas  atmosphere  at  an  excess  pressure 
or  about  220-300  mm  Hg. 


Successful  assimilation  of  the  sodiothermic  method  by  the 
British  firm  ICI  contributed  to  its  introduction  in  the  American 
titanium  industry.  In  1956,  under  license  from  ICI,  the  Ameri¬ 
can  firm  Electrometallurgical  placed  a  6750-ton/year  sodiothermic 
plant  in  operation  at  Ashtabula,  Ohio.  By  this  time,  the  tech¬ 
nology  and  equipment  of  the  sodiothermic  process  had  been  improved 
to  the  extent  that  this  plant  was  working  at  capacity  within  8 
months  [97,  286], 


In  1958,  the  firm  Industrial  Chemicals  placed  the  USA's 
second  sodiothermic  plant,  one  with  a  capacity  of  4500  tons  of 
titanium  per  year,  in  operation  at  Ashtabula.  According  to 
available  information,  this  plant  uses  improved  semieontinuous 
reduction  equipment  [245].  Flans  were  made  to  build  at  least 
two  more  sodiothermic  plants  in  the  USA,  at  Natrium,  West  Virginia 
and  Wllmi no-ton.  North  Carolina,  s.ith  a  total  capacity  of  ll,ow0 
tons  [94].  However,  neither  of  these  plants  was  built  because  of 
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the  sharp  drop  in  titanium  production  in  the  UCA  that  began  in 
1957  for  the  reasons  discussed  above. 

In  the  Soviet  Union,  the  sodiothermlc  method  of  reducing 
titanium  has  been  successfully  developed  and  mastered  under  lab¬ 
oratory  and  pilot-plant  conditions  in  complex  with  the  prepara¬ 
tion  and  purification  of  the  sodium  and  hydrometallurgicai  r'- 
finement  of  the  reaction  mass. 

The  sodiothermlc  method  has  the  following  important  advan- 
"‘■ges  over  the  magnes i  othermic  reduction  of  titanium: 

1.  Because  of  the  higher  chemical  activity  of  sodium,  the 
rate  of  the  sodiothermlc  reduction  of  titanium  is  considerably 
higher  than  that  of  the  magnesiothermlc  method.  This  permits  a 
sharp  increase  in  reactor  productivity  and  reduces  unit  capital 
investment  for  the  construction  of  sodiothermlc  plants. 

2.  The  coefficient  of  sodium  utilization  in  the  reduction 
reactor  is  almost  100?,  while  the  corresponding  figure  for  mag¬ 
nesium  does  not  exceed  60-703.  The  co3t  of  the  reducting  agent 
is  lower  in  the  sodiothermlc  than  in  the  magnesiothermlc  method 
(in  the  USA,  by  about  30-35?) • 

3.  The  reaction  mass  obtained  as  a  result  of  sodiothermlc 
reduction  can  be  processed  by  hydrometallurgicai  metb* is  (leach¬ 
ing  out  in  a  dilute  hydrochloric  acid  solution).  This  permits 
the  use  of  inexpensive,  highly  productive  apparatus,  a  respect  in 
which  this  method  compares  favorably  with  the  expensive  and  rela¬ 
tively  unproductive  vacuum- separation  process  used  to  purify  the 
reaction  mass  in  the  magnesiothermlc  process. 

*4.  The  titanium  13  obtained  in  the  Torm  or  a  fine  powder  in 
the  sodiothermlc  reduction.  This  makes  it  much  easier  to  prepare 
a  homogeneous  charge  and  pour  more  uniform  titanium  ingots. 


5«  Use  of  sodium  as  the  reducing  agent  opens  prospects  for 
the  development  and  implementation  of  serai continuous  and  evantu- 
allv  continuous  processes  for  the  reduction  of  titanium. 


6.  Reducing  the  titanium  tetrachloride  through  the  lower 


chlorides  in  two  stages  produces  titanium  of  higher  purity. 
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1.  The  need  to  take  special  precautionary  measures  and  en¬ 
sure  high  reliability  and  good  sealing  of  the  equipment,  since 

he  sodium  used  has  high  chemical  activity.  When  these  condi¬ 
tions  are  observed,  however,  work  with  sodium  becomes  quite  safe. 

2.  Conduct  of  the  reduction  under  conditions  such  that,  be¬ 
cause  of  peculiarities  of  the  technological  process,  the  sodium 
chloride  that  accumulates  in  the  reactor  is  not  withdrawn  from 

it  during  the  reduction  process,  as  in  the  magnesium  reduction  of 
t.  As  a  result,  the  capacity  of  the  sodiothermic  reactor  is 
utilised  less  efficiently  than  that  of  the  nagnesiothermic  reac- 

3.  The  heat  effect  of  the  reactions  in  which  TiCl^  is  re¬ 
duced  by  sodium  under  standard  conditions  is  66*  larger  than 
when  magnesium  is  used  as  the  reducing  agent.  For  this  reason, 
neat  must  be  taken  out  of  the  reactor  more  rapidly  during  the 
sodiothermic  reduction,  ar.d  the  system  that  measures  anoVegu- 
lates  process  parameters  must  be  more  sophisticated.  The  need 
fcr  precision  temperature  control  in  the  reactor  is  also  dictated 

by  th*„Rafr0W  lnterval  between  the  melting  point  of  sodium  chlo- 
rxde  (oGl-tr)  and  the  boiling  point  of  sodium  (883°c). 

?Sj‘te52;?5r«.SfiS3“<  °f  *"•  pr,,“»  “o  *he  »•«•»'»  «f 

The  cver=all  reaction  in  which  titanium  tetrachloride  is  re¬ 
duced  by  sodium  can  be  represented  as  stepwise  reduction  of  titan¬ 
ium  chlorides  by  the  scheme 

TJCJj  •*  TfC?,  ■+  TO,  -*  Tl, 

figure  o*t  presents  curves  of  the  free- energy  changes  for  the 
reactions  in  which  titanium  tetrachloride  can  be  reduced  by  sodiun 
and  for  certain  secondary  reactions,  as  calculated  by  the  Temkir,- 
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Schwartzma^n  method  described  above  on  the  basis  of  tne  ftarti.ig 
data  In  Table  29  (see  pages  228  and  229).  The  calculations  were 
made  for  the  case  in  which  liquid  titanium  tetrachloride  and  fused 


sodium  are  injected  into  the  reactor,  i. 


e.,  under  conditions 


similar  to  those  under  which  industrial  reactors  are  operated. 


Figure  5 4.  Temperature  curves  of  iso¬ 
bar!  c-isofchermi 1  potentials  for  the 
sodiotherraic  reduction  reactions  of 
titanium  chlorides. 


As  ws  see  from  Fig.  5‘‘- ,  the  following  reactions  are  thermo¬ 
dynamically  possible  in  the  sodium  reduction  of  titanium  tetra- 
chloride t 

2  Tlfj  x  iU  _  2_  <r{  m-r i 

4  4  \  } 


TiCI,  +  N*  -  T<3,  +  N*a 


(II’) 
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-j-TIG,  +  Na  »  -i-TW,  +  Ned. 

/ vr*  *  V 

Uii  / 

Of  TiCi. 

T!d,  +N*  -  TO,  H-  Nad, 

\  1  V  *  } 

been  id» 

-f  Na  *»  4-TI  +  NsCf, 

(V*) 

eluded  c 

-~-TiG*  +  Na  •«  -j-.Tf  +  NtCS. 

(VI*  > 

the  heat 
[TiClg]'1 

Also  possible  in  the  system  are  secondary 

reactions  in  which 

cular)  c 

metallic  titanium  interacts  with  TiCI^  and  the 

lower  titanium 

of  the  t 

chlorides  and  reactions  among  the  lower  titanium  chlorides; 

3na.  +  Ti  =  4Tiafc 

(VII* ) 

The 

22.4* 

TiCS|  -f*  Ti  »  27*Zij, 

\ VIII • ) 

the  pre* 

2T1CI,  +  Ti  -  3Tid,. 

(IXM 

ing  poir 

nci,  +  Tid,  -  2nd,. 

(X’) 

Clark  [« 

As  we  know,  the  direction  taken  by  a  chemical  reaction  de¬ 
pends  to  a  substantial  degree  on  the  physical  states  and  equilib¬ 
rium  partial  pressures  of  the  reactants  and  the  reaction  products. 
These  data  are  given  in  Table  30. 

Tne  nature  of  the  reduction  process  is  decisively  influenced 
by  the  reactions  of  the  sodium  and  the  titanium  chlorides  formed 
in  the  reduction  with  the  sodium  chloride,  which  is  in  this  case 
the  environment  in  which  many  of  the  reactions  examined  above  cake 
place . 
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fte  fusibility  diagram  of  the  Na-NaCl  system  was  investigated 
by  Bredig  et  al.  [258].  It  was  found  that  the  system  has  a  eutec¬ 
tic  at  1.5-2. OS  (atomic)  of  Na,  with  a  melting  point  of  about 
750°C.  Above  1050°C,  ail  of  the  sodium  dissolves  in  NaCl.  In 
the  range  of  working  process  temperatures  in  the  sodiothermic 
nn  rtf*  titanium  (850“920°C),  the  solubility  of  sodium  ah 
NaCl  ranges  from  7  to  17?* 


Ehrlich  et  al.  [259 J  studied  the  phase  diagram  of  the  TiCI^- 
NaCl  system  (Fig.  55).  This  diagram  shows  that  at  25*  (molecular) 
of  TiClj,  the  iiquidus  line  has  a  peritectic  point  at  553°C.  The 
system  also  has  a  eutectic  at  a  40*  content  (molecular)  of  TiClj, 
with  a  melting  point  of  462°C.  Beyond  the  eutectic  point,  the 
line  proceeds  without  Inflections  to  .nc  **ic •*■*.■*■<*(&  pui,il 
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of  TiCl^.  Thus,  only  the  single  chemical  compound  BNaCl^TiCl^  has 
been  identified  in  the  KaCl-TiCl^  system.  It  has  also  been  con¬ 
cluded  on  the  basis  of  the  trend  of  the  liquidus  line  and  data  on 
the  heats  of  formatlsn  and  activities  of  the  salts  that  complex 
[TiC'lg]+^  ions  exist  in  this  system  up  to  a  content  of  12jE  (mole¬ 
cular)  of  TiCl.  in  the  melt,  and  that  appreciable  dissociation 
of  the  complex  ions  begins  at  higher  TiCl,  concentrations. 

J 

The  NaCl-TiCl,  system  was  also  studied  up  to  a  content  of 
% ii j  (jnoi* )  or  TiCi -  bv  M.Y.  KamsnetskiV  !_2fc2J.  who  established 
the  presence  of  a  eutectic  at  22. (mol.)  of  TiCl^  with  a  melt- 
intt  point  of  540°C:  other  investigators  have  been  G.V.  Chernov/^ 
Clark  [2633,  and  Mellgrcn  [264]. 
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Figure  55*  Phase  diagram 
of  NaCl-TiCl^  system. 
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figure  56.  Phase  diagram 
of  NaCl-TiCl-,  system. 


In  the  MaCl-TiCl3-TiCl2  system,  S.V.  Ogurtsov,  V.A.  F.ezr.i- 
chenko,  and  S.I.  Yegorov  [106,  page  60]  identified  a  compound  cor¬ 
responding  to  the  formula  13NaCl • 3T1C1,1 2T1C1,,  containing  about 
30%  of  the  lower  titanium  chlorides  and  melting  at  about  502°C. 
This  confound,  which  they  named  "black  salt,"  undergoes  practi¬ 
cally  no  disproportionation  and  is  therefore  highly  suitable  for 
reduction. 

The  NaCl-TiCl-  system  was  investigated  in  detail  by  Komarek 
and  Gerasimenko  [265,  266].  Figure  56  shows  the  phase  diagram 
that  they  established  for  it.  We  see  from  this  diagram  that  the 
system  has  one  eutectic  at  5 0 JE  (by  mass)  TiClg,  with  a  melting 
Footnote  (1)  Is  or.  page  369- 
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point  of  605°C,  and  two  peritectic  compounds.  One  of  the 
NaCl'TiClgi  forms  at  a  content  of  about  50%  TiCl2  and  melts  at 
628°C,  while  the  other,  2NaCl,TiCl2,  decomposes  in  the  solid 
state  at  ptSsC.  The  presence  of  these  compounds  in  the  NaCl*TiCl2 
system  is  confirmed  by  x-ray  structural  analysis. 

The  temperature  curve  of  free  energy  established  by  Komarek 
and  Heraslmenko  on  tba  basis  of  the  phase  diagram  of  the  NaCl- 
TiClg  system  suggests  that  liquid  NaCl'TiClg  melts  are  most 
stable  at  temperatures  around  800° C  and  the  component  proportions 
Na:Ti:Cl  -  2:1:4. 

Thus,  the  existence  of  [TiCl,,]"2  complex  ions  in  this  system 
is  highly  probable. 

The  phase  diagrams  of  the  sodium  (potassium)  chloride-titan¬ 
ium  dichloride  systems  have  also  been  studied  by  Mellgren  [26*4], 
Krey  and  Kellogg  [267],  Ehrlich  and  Kuhne  [268],  Yu.V.  Baymakov 
[269],  A.M.  Budnevskiy  [270],  and  other  authors  [271;  178,  page 
205;  135,  page  73]- 

It  was  established  by  B.V.  Markov  that  equilibrium  intervenes 
in  the  NaCl-TiCl2-TiCl^-Ti01i)  system  at  contents  of  35-^05  IiCl2 
and  Sp-ouj  TiClj  [271].  Boozenny  [272]  investigated  equilibrium 
in  the  Na-TlClp-TiCl,-NaCl  system.  Calculations  based  on  his  ex¬ 
perimental  data  yielded  the  following  results.  For  NaCl  melts 
containing  small  amounts  of  -dissolved  TiCl-  and  Na  at  850°C,  the 
equilibrium  TiCl,  and  Na  concentrations  are  determined  by  the 
equation 


£*•  I  i 


-it 


For  NaCl  melts  containing  dissolved  TiCU  and  TiCl.,  the  equilib¬ 
rium  TiCl2  and  TiCl,  concentrations  at  850°c  are  determined  by  the 
equation 


-,2$  .  vr*. 

^ w , 


(12) 


In  a  study  of  the  activity  coefficients  01  TiCl^  and  TiCl2  in 
NaCl,  Bcc sonny  established  that  TiC]3  is  associated  with  NaCl 


a  3ubstartlally  greater  degree  than  is  TiClg. 
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There  are  practically  no  data  available  on  the  state  of  she 
NaC3 -TiCl ^  system,  and  the  conclusions  drawn  by  the  individual 
invest  i  rat. ora  are  pnnfcmHi  nt*rty»v  'Pima  m  \t  ..  - 

v  **  -  »•  «/  *  f  •  ttbktuvitw  v^tvxjr  A  upui  k/O 

[262]  that  this  system  is  extremely  stable,  but  more  recent 
studies  by  Ehrlich  [259]  indicate  its  instability.  Obviously, 
Ehrlich's  data  are  more  reliable.  Kroll’s  data  [260]  suggest 
total  insolubility  of  TiCl^  in  NaCl.  It  was  found  in  experiments 
conducted  by  Smolinsky,  Hannam  and  Leach  that  about  IX  TiCljj  dis¬ 
solves  in  NaCl  [270], 

As  we  see  from  the  temperature  curve  of  free  energy  for  the 
reaction  of  titanium  tetrachloride  with  sodium  (see  Fig*  54} ,  the 
reduction  reactions  may  proceed  at  relatively  low  temperatures 
from  the  thermodynamic  standpoint.  However,  they  advance  at 
appreciable  rates  beginning  at  temperatures  above  200°C. 

For  study  of  the  directions  taken  by  the  reduction  reactions 
and  their  mechanisms,  and  to  investigate  the  feasibility  of  sodio- 
thermio  reduction  of  titanium  with  periodic  sodium  supply  to  the 
reactor,  it  i3  heloful  to  consider  2  temperature  ranges: 

from  200  to  700°C,  i.e.,  from  the  temperature  at  which  the 
reaction  rate  becomes  appreciable  to  the  temperature  at  which 
easily  fusible  sodium  chloride  and  titanium  chloride  salt  melts 
form  in  the  system; 

from  700  to  9o0°C,  i.e.,  from  the  temperature  at  which  these 
salt  melts  form  in  the  system  to  the  maximum  possible  temperature 
of  the  reduction  process  (or,  in  other  words,  to  the  temperature 
at  wnie'n  the  eutectic  alloy  forms  at  the  interface  between  the 
reduced  metallic  titanium  and  the  realtor  material }- 


Temperature  range  from  200  to  700SC 


As  we  see  from  Fig. 
metallic  titanium  (I*)  ia 
range  from  200  to  4506C, 


54,  the  direct  reduction  of  TiClj,  to 
thermodynamically  muot  probable  in  the 
and  the  reduction  of  TiCljj  to  TiClg 


(III*)  between  450  and  700°C. 


honauoo  mo tsllic  titStlllUSl  is  iusolubls  itl  !!K?!t-£n 
3oaium,  reaction  (I')  becomes  difficult,  since  the  minute  par¬ 
ticles  of  reduced  titanium  coat  the  surface  of  the  sodium  chloride 
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and.  tc  some  extent,  the  sodium,  forming  a  dense  conglomerate. 
This  creates  conditions  favoring  the  secondary  reactions  of  ti¬ 
tanium  with  the  tetrachloride  (VII')  and  (VIII'),  although  the 
thermodynamic  probability  of  these  reactions  is  low,  especially 
with  an  excess  of  sodium. 


The  reaction  in  which  TiCijj  is  reduced  to  TlClg  (HI')  is 
thermodynamically  possible  In  this  temperature  range.  However, 
in  view  of  the  considerably  higher  vapor  pressure  of  TiCl^  as  com¬ 
pared  with  that  of  TiCl2  at  200-700°C,  preference  should  be  given 
to  the  reduction  of  TiCl^  to  TiClj  (II').  Moreover,  the  equilib¬ 
rium  concentration  of  TiCl^  in  the  TiCl^-NaCl  system  is  consider¬ 
ably  higher  than  that  of  TiClg  in  the  TiClg-HaCl  system  [99]. 

These  factors,  together  with  tne  sluggish  reduction  of  TiClg  to 
Ti  (V')  [52],  suggests  that  occurrance  of  the  reactions  in  accord¬ 
ance  with  the  scheme  already  cited  is  most  probable  under  these 


nnn/H  1  r\v\a  > 
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In  the  gaseous  phase,  in  consideration  of  the  high  vapor 
pressures  of  TICli,,  Na,  and  TiCl.,,  preference  must  be  eiven  to 
the  direct  reduction  of  TiCl^  to  titanium  (I’)  and  the  reduction 
of  TiCljj  to  TiCl^  (II').  Prom  the  kinetic  standpoint,  reaction 
(II')  is  more  probable  than  (I'),  since  the  molar  proportions  of 
the  compound  to  be  reduced  and  the  reducing  agent  are  1:1  in 
reaction  (II')  and  Ilk  in  (I*).  Prom  the  same  point  of  view,  the 
rate  of  the  direct  reduction  of  TiCl^  to  Ti  in  the  gaseous  phase 
is  higher  than  the  rate  of  the  stepwise  reduction  via  TiCi^  and 
TiCl2  to  titanium. 

These  conceptions  of  the  course  taken  by  the  reactions  in 
the  200-700°C  temperature  range  are  in  good  agreement  with  the 
results  of  laboratory  studies  and  with  practical  reduction  of 
TiCli,  with  sodium  under  Industrial  conditions. 

T 

Thus,  S.V.  Ogurtsov  et  al.  [106,  page  .x]  established  in 
laboratory  studies  that  even  at  the  vary  beginning  of  the  process, 
the  surface  of  the  metallic  sodium  is  coated  by  a  dense  crust 
consisting  of  a  mixture  of  fine  titanium  (up  to  200  and  sodium 
chloride  particles.  This  crust  is  detrimental  to  contact  between 
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the  sodium  and  the  TiCl^,  so  that  Reaction  (I1)  subsides  and  the 
secondary  reactions  (VH')-(X')  develop.  Agitation  of  the  reac¬ 
tion  mass  d.tring  reduction  sharply  increases  the  reaction  rate. 

The  temperature  rises  rapidly  in  the  center  of  the  reactor 
owing  to  the  focal  course  of  the  reaction  and  inadequate  partici¬ 
pation  of  heat,  with  the  result  that  strong  vaporization  of  the 
sodium  begins.  The  sodium  vapor  penetrates  through  pores  of  the 
titanium  crust  that  has  formed  and  interacts  with  the  titanium 
chlorides. 


The  surfaces  of  previously  formed  titanium  particles  pre¬ 
sent  active  centers  on  which  the  reduction  reaction  of  the  ti¬ 
tanium  chlorides  is  activated,  and  which  act  as  nrilei  for  the 
development  of  titanium  concretions.  In  all  cases,  the  crystal¬ 
lization  front  of  the  reaction  products  is  directed  upward  from 
the  original  fused-sodium  level. 


As  a  rule,  the  top  of  the  reaction  mass  is  coated  with  a 
pyrophoric  layer  consisting  of  NaCl  and  lower  titanium  chlorides, 
chiefly  T1C13. 

It  has  been  established  that  the  reactions  take  place  for 
the  most  part  in  the  condensed  phase  at  temperatures  up  to  500- 
6C0eC.  As  the  temperature  rises  to  600-700°C,  gaseous-phase 
reactions  acquire  significance,  and  this  accelerates  the  process. 
In  the  600-70Q°C  range,  mixing  of  the  reaction  mass  in  the  reac¬ 
tor  no  longer  increases  the  process  to  any  marked  degree,  indi¬ 
cating  that  the  reagents  have  good  contact  in  the  gaseous  phase. 
The  reaction  mass  obtained  in  the  200-?00°C  range  contains  lower 
titanium  chlorides  (chiefly  TiCl,)  and  unreacted  sodium  in  .targe 
amounts,  and  this  greatly  complicates  subsequent  processing  of 
the  mas 3  and  is  detrimental  to  the  quality  of  the  metal. 


Titanium  that  nas  been  reduced  under  these  conditions  takes 
the  form  of  a  conglomerate  with  sodium  chloride  in  the  form  of 

extremely  fine  particles.  This  makes  it  difficult  to  refine  the 


reaction  mass  and  causes  large  titanium  losses  and  deterioration 

of  the  metal's  quality.  The  average  tilanlum-parllcle  size  wee 


aoout  3-4  pm  when  the  process  was  run  in  the  200-500°C  range,  and 
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about  7-8  ii!n  in  the  5Ou-700°o  range 
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This  temperature  range  is  of  the  greatest  interest  from  the 
theoretical  and  practical  standDointK.  a*  th»  nt.....  ~ - - » 
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the  TiClj-HaCl  and  TiClg-NaCl  systems  indicate,  readily  fusible 
Melts  nay  appear  at  temperatures  as  low  as  500-6Q0o,\  Since  a 
iselt  representing  a  solution  of  Na,  TiCl_,  and  TiCl2  in  NaCl  can 
exist,  the  temperature  at  which  the  fusible  melts  form  may  be 

Iauaw 

»  Tvit  awmva  * 

However,  because  of  impediments  to  contact  between  the  TiCl^ 
;and  TiClg  and  the  colid  sodium  chloride  end  the  slowness  with 
pnieh  they  diffuse  through  one  another,  these  readily  fusible 
phases  appear  in  the  system  at  about  700°C. 

i 

As  the  phase  diagrams  indicate,  TiClj,  TiCl2,  and  sodium  are 
highly  soluble  in  HaCl  in  this  temperature  range  and  nave  high 
vapor  pressures  (see  Pigs.  55  and  58  and  Table  30). 

The  appearance  of  a  second  liquid  phase  —  the-  solution  of 
rlower  titanium  chlorides  and  metallic  sodium  in  NaCl  ~  in  the 
heterogeneous  system  consisting  of  gaseous  TiCl^,  liquid  sodium, 
solid  titanium,  and  NaCl,  and  the  sharp  increase  in  the  vapor 
pressures  of  Na,  TIClj,  and  TiClg  changes  the  mechanism  and 
jclnetlcs  of  the  reduction  reactions. 

Practical  experience  indicates  that  the  gaseous-phase  reac¬ 
tions  are  predominant  •  .til  60-70*  of  the  sodium  placed  in  the 
fa&ctOr  has  been  utilised,  i.e.,  while  there  is  a  sodium  excess 

and  a  relatively  small  amount  of  N«C1  in  the  reactor.  When  60- 

* 

9CI  of  the  Na  has  been  utilised;  the  importance  of  reactions  in 
the  melt  increases  sharply,  although  the  gaseous-phase  reactions 
P*  still  significant.  At  more  than  90*  Na  utilization,  the 
reduction  reactions  take  place  for  the  most  part  in  the  fused 
aal'.  system. 

I  The  shift  cf  the  reduction  reactions  from  the  gaseous  phase 

into  the  fused  salt  coincides  with  the  point  at  which  all  of  the 

I 

sodium  left  in  the  reactor  is  dissolved  in  NaCl.  This  maximum 
footnote  (2)  is  on  page  369. 
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degree  of  sodium  utilization,  after  which  the  reaction  transfers 
to  the  liquid  phase,  can  be  calculated  for  any  desired  tempera¬ 
ture.  If  we  denote  the  sodium  utilization  coefficient  by  X,  the 
residue  of  unused  sodium  is  1  -  X,  and  the  amount  of  HaCl  formed 
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(13) 


where  ?t  is 
(by  mass). 
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Thus,  «  *1.0  (by  mass)  at  380° C,  and  the  degree  of  sodium 
utilisation  is  about  90S. 


For  convenience  in  dimly  zing  the  benavior  of  the  reduction 

reactions  when  sodium  is  supplied  to  the  reactor  periodically, 
let  us  adopt  a  convention  in  which  the  process  Is  divided  into 
three  characteristic  periods; 


1st  period  —  up  to  70S  Na  utilization,  during  which  the 
reactions  take  place  basically  in  the  gaseous  phase; 

2nd  nsri  .  —  at  70  to  90®  Na  utilization,  when  the  reactions 
take  place  in  mixed  phases; 

3rd  period  —  at  90  to  1001  Na  utilization,  when  the  reac¬ 
tions  take  place  basically  in  the  fused  salt  phase. 

In  the  first  period,  as  in  the  case  of  the  gaseous-phass  re¬ 
actions  at  200-700°C,  the  preferred  reactions  are  the  reduction 
of  TiClj,  to  T1C1,  (II')  and  the  direct  reduction  of  TiClj,  to  Ti 
(I1).  This  trend  of  the  reactions  is  explained  by  the  high  vapor 
pressures  of  TIClj,,  TiClj,  and  sodium  in  the  gaseous  phase  and  by 
the  highest  kinetic  probability  or  <1* >  and  (IIs).  The  extremely 
f'  •.«  and  pyrophoric  titanium  powder  formed  during  this  phase  is 
deposited  in  considerable  amounts  at  the  top  of  the  reactor  and 

am  < f •  uaT 1g t 

In  the  third  period  of  the  process,  when  more  than  90S  of 
the  Na  has  been  used,  the  entire  sodium  excess  is  dissolved  in 
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the  NaCl,  and  its  chemical  activity  and  vapor  pressure  in  the 
gaseous  phase  have  dropped,  the  principal  sodium  reduction  reac¬ 
tions  of  the  titanium  chlorides  are  transferred  into  the  liquid 
phase. 

Since  TiCl^  is  practicaUy  insoluble  in  NaCl,  it  must  be 

fidaitma/}  x. ,  .  .  . 
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in  the  NaCl  takes  place  wi«,h  formation  of  TiCl,  by  Reaction  (II') 
and,  to  some  extent,  with  formation  of  T1C12  by  Reactions  dll') 
and  (IV*).  During  this  phase,  because  of  the  high  chemical  ac- 

fclvlfcv  nf*  4-4  4>  Am4  ..w  -  _ _ _ _ i  _  x  •  .  . 

. *  uowara  zne  end  of  the  process 

the  reactions  of  TiCl,,  with  Ti  that  form  TiCl  and  TiCl-  (VII* 

VIII')  and  RMi't-.If.m:  /  T  Y  f  \  tv  t\  u- .  ..  .  2  ' 
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Since  the  equilibrium  concentration  of  TiCl^  in  the  TiCl  - 
TiOl-NaCl  system  is  several  times  the  equilibrium  TiCl,,  concen¬ 
tration,  and  because  of  the  sluggishness  of  the  reduction  of  TiCl 
to  Ti  (V»),  the  reaction  in  which  TIClg  is  reduced  to  Ti  is  de-  ? 
veloped  preferentially  under  these  conditions  [271:  178.  nave  ?o«?- 
134,  page  73]>3J  '  ' 

During  the  same  period,  the  high  liquid-phase  concentrations 
of  TiCl3  and  then  TiCl2,  development  of  the  active  titanium  sur¬ 
face,  and  the  decrease  in  the  activity  of  the  sodium  in  the  melt 
may  cause  the  reactions  of  TiCl^  and  TiCig  with  metallic  titan¬ 
ium  and  one  another.  Thus,  during  this  phase,  the  titanium  is 
reduced  in  the  fused-salt  system  by  the  stepwise  reactions: 

TiCljj  -»•  TiClg  •*  Ti  (II*,  VI*).  The  presence  of  compounds  of  the 
type  2NaCl*TiCl3  [82],  NaCl*TiCl2,  2NaCl*TICl2  [265],  I3NaCl* 

#  3TiCl^  *  2TiCl5  [106  .  Dace  601  Ip  fchft  fna*^o«14>  *.*.«.*.  *_v.*uaa.- 

the  secondary  reactions,  and  this  favors  process  rats  and  metal 
Quality. 

The  second  period  of  the  process  (at  70  to  90*  Na  utiliza- 

- !-*««  xu  >,ue  mj.xeu  pnases  ana  is  intermediate  between 

the  first  and  third  periods.  The  nature  snd  sjohsriisn!  of  the 
reactions  taking  place  in  the  gaseous  and  condensed  phases  is  the 
same  here  as  in  the  first  and  third  periods.  As  Na  utilization 
increases  from  70  to  90*,  the  importance  of  gaseous-phase  rea c- 

tlons  fallg °ff,  and  reactions  In  the  melt  become  more  important. 
Footnote  (3)  is  on  page  369, 
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Under  real  conditions,  conditions  of  constant  temperature, 
pressure,  and  concentration  do  not  prevail  in  the  reactor,  and 
the  process  unfolds  in  a  broad  range  of  zonal  temperatures,  pres¬ 
sures,  and  concentrations  of  the  reactants  and  the  reaction  pro- 
uucts . 


scaled— up  laboratory  investigations  of  the 


sodium  reduction  of  TiCi^  were  conducted  by  V.A,  Shubin  and  V.A. 
Pazukhin/  ^ 


In  the  experiments,  the  reaction  vessel  holding  the  sodium, 
the  floor  of  which  was  made  of  pressed  titanium  powder,  was 
placed  in  the  process  space  under  the  cover  of  the  reactor.  On 
melting,  the  sodium  penetrated  through  the  porous  floor  and  re¬ 
acted  with  TlC.ii.  vaaor  feu  into  the  reactor. 

A  salt  melt  consisting  of  HaCl  and  TiCl^  was  obtained  as  a 
result  of  the  reactions  at  temperatures  around  7GG~?50°C.  The 
NaCi:TlCl,  molar  ratio  was  close  to  three  and  underwent  practie- 
ally  no  change  as  the  TiClu  supply  rate  was  reduced  to  a  fraction. 
The  molar  ratio  of  the  reduced  metallic  titanium  to  the  TlCl^  in 
the  melt  was  approximately  two. 


On  the  basis  of  these  tests,  the  authors  concluded  that  two 
reaction  steps  take  place  simultaneously  around  700~ 750° C  and  can 
be  described  over-all  by  the  en nation 

3X10,  +  6N«  -  ZTid,  +  6NsCi  +  Tl. 


In  experiments  run  at  800°C,  the  f used-out  salt  contained, 
in  addition  to  TiCl,,  a  certain  amount  of  TiCi„ .  the  content  of 
which  was  higher  the  lower  the  TiCl^  supply  rate  to  the  reactor. 
As  the  layer  of  titanium  sponge  grew  and  the  time  of  contact  be¬ 
tween  the  titanium  and  the  melt  increased,  the  melt  became  ap- 

*  —  mi  ns  j  mini 

)^*cvixavijr  jswva*va'  ah  aim 


Pazukhin  conclude  that  a  chloride  melt  consisting  of  MaCl  and 
TiCl,  is  first  to  form  in  the  reduction  of  TiClj,  to  Ti.  Like  the 

■J  '* 

sodium,  this  easily  fusible  melt  thoroughly  wets  the  titanium 
concretions,  forming  a  continuously  replenished  TiCl^-  and  Na- 

Pootnote  (H)  is  on  page  369 • 


FTD-HC-2 3- 352=69 


3*o 


l 


1 

I 

1 

1 

s 


1 


% 


containing;  film  on  them.  The  titanium  surface  acts  as  a  catalyst 
for  the  film  reduction  of  TiCl^  by  sodium  and  serves  as  a  base  for 
aggregation  of  the  reduced  titanium  particles. 

Thi3  reaction  mechanism  is  confirmed  by  the  experiments  of 
S.V.  Ogurtsov,  who  established  that  the  reaction  between  Ti  and 
TiCljj  in  the  presence  of  the  NaOl  coating  the  titanium  surface 
proceeds  at  a  higher  rate  than  when  Ti  and  TiCljj  interact  without 
NaCl .  The  author  explains  this  phenomenon  as  due  to  stepwise  re¬ 
duction  of  TiCljj  via  TiCl^  to  titanium  in  the  melt  [106,  page  41], 

Increasing  the  temperature  and  holding  time  of  the  reaction 
mass  reduced  the  fraction  of  TiCl^  ana  increased  those  of  metal¬ 
lic  titanium  and  TiCl_.  As  holding  continues,  the  TiCl,  van¬ 
ishes  first  from  the  reaction  products,  followed  by  the  TiC^. 

This  confirms  the  stepwise  nature  of  the  reduction  reaction.  The 
longer  persistence  v-x’  TiCl2  in  the  melt  indicates  that  the  rate 
of  its  reduction  is  considerably  lower  than  that  of  TiCl,,  and 
this  limits  the  rate  of  the  over-all  reduction  of  TiCl^  to  the 
metal  via  TiCl2. 

V.A.  Shubin  and  V.A.  Pazukhin  also  established  that  the  aver¬ 
age  particle  size  of  the  reduced  tit&r.ium  was  7-9  um  at  about 
7qq°c,  but  decreased  to  5.5  um  at  800° C .  The  authors  explain  the 
irregularity  of  grain  growth  in  the  700~800°C  temperature  range 
as  due  to  the  rapid  development  of  the  gasecus-phase  reactions 
during  this  period. 

On  an  increase  in  the  argon  pressure  in  tne  reactor,  the 
gaseous-phase  reactions  are  suppressed,  with  the  result  that  the 
titanium  particles  grow  rapidly.  At  a  reactor  argon  pressure  of 
about  380  mm  Hg,  most-  of  the  titanium  was  obtained  in  the  form  of 
dense  aggregates  up  to  25  mm  across  with  80-85J  titanium  contents 
and  an  average  density  of  2.0  g/cm- . 

It  was  also  found  that  with  a  deficiency  of  3odium,  the  re¬ 
duction  reactions  of  the  lower  chlorides  proceed  basically  in 
melt  on  the  surface  of  the  titanium  grains,  with  a  favorable  ef¬ 
fect  on  grain  growth;  an  excess  of  the  reducing  agent,  on  the 
other  hand,  tends  to  reduce  titanium-particle  size. 
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V.A.  Shubin  and  V. A.  Pazukhin  detarmined  the  temperature 
variation  of  the  rate  constant  of  Reaction  (I): 
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tion  reactions  are  autoeataiytic  in  nature.  Yocnizawa  cites  a 
higner  activation-energy  value,  6040  eal/mole  [273],  and  V.D. 

Savin  and  V.A.  Peznichenko  submit  data  indicating  that  it  lies 
between  5S00  to  1500  eal/mole  below  500°C  t2s?]. 

To  summarize  what  we  have  aaid  regarding  the  chemical  mecha¬ 
nism  and  kinetics  of  the  reactions  in  which  titanium  chlorides  are 
reduced  by  sodium  admitted  periodically  to  the  reactor  and  the 
mechanism  or  the  reduction  process  and  the  aggregation  of  the 
reduced  titanium  particles: 

1.  Titanium  tetrachloride  and  the  lower  chlorides  of  titan¬ 
ium  begin  to  react  with  sodium  at  an  appreciable  rate  at  a  tem¬ 
perature  above  200° C. 

2.  When  the  process  is  run  in  the  200-700° C  temperature 
range,  the  most  probable  reduction  reactions  are  those  between 
the  TiCljj  vapor  and  the  sodium  and  lower  titanium  chlorides  in 
the  condensed  phase: 

TO,  +  Ns  -  TO,  +  Ned.  (II') 

illC4  +  rtt"-^T!  +  >taCi,  (IYt) 

and  the  preferential  gaseous-phaae  reactions  are: 

-L-na  +  Nt-yTl  +  NsO.  (I*) 

TO,+N*-na,+N«a.  (n’> 

The  importance  of  the  gaseous-phase  reactions  increases  above 
600® Ct  The  reduction  of  TiCig  to  titanium  1®  aiuggiSu* 

especially  at  lower  temperatures,  and  hence  insignificant  in  the 

,  . . A _  •  AAW«4  4a*»‘*4-4  aw 
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3.  The  process  run  in  the  200-700'-  c  temperature  range  has 
the  following  distinctive  features: 

a)  a  relatively  low  rate  of  the  process  and  a  Dow  sodium 
utilization  factor  (afccut  60-70?}; 

b)  a  low  degree  of  reduction  of  the  titanium  tetrachloride 
to  the  metal,  resulting  in  a  reaction  mass  with  a  high  content  of 
lower  titanium  chlorides,  chiefly  TiCl^;  subsequent  processing 

of  this  reaction  mass  is  much  more  difficult  ana  attended  by  loss 
of  a  large  amount  of  titanium; 

c)  the  formation  of  small  (7—9  um)  titanium  particles,  which 
are  closely  conglomerated  with  sodium  chloride; 

Jl  V  a.  _  a  j_.  _ 

ww  owwc  caucus;  un«  rd&ction  and  t-h-  utilization 

coefficients  of  the  sodium  and  titanium  tetrachloride  can  be  in¬ 
creased  by  stirring  the  reaction  mass  during  the  reduction, 

A  second  liqu:  *  phase  representing  low-melting  solutions  of 
sodium  and  the  trichloride  and  dichloride  of  titanium  in  sodium 
chloride  may  make  its  appearance  in  a  heterogeneous  system  with 
the  liquid  sodium  at  temperatures  above  700°C.  Chemical  com¬ 
pounds  of  the  type  3NaCl«TiCl3>  NaCl*TiCl2,  2NaCl*TlCl2,  and 
13HaCl‘3TlCl,*2TiCl2  have  been  identified  in  such  systems. 

Th®  ftppftAfAnft®  ft f  low-iwiHng  solutions  increases  the  r^ese— 
tlon  rate  and  the  importance  of  the  reactions  taking  place  In  the 
salt  melt;  in  turn,  this  Increases  the  sizes  of  the  metallic- 
titanium  particles  and  aggregates  and,  consequently,  improves 
the  quality  of  the  titanium. 

When  reductions  arc  carried  out  in  the  700-9 80°C  temperature 
range  and  the  sodium  is  utilized  up  to  70?  (first  period),  she 
gaseou3-phaae  reactions,  chief  among  which  are  (II’)  and  (I*) 
take  precedence. 

When  the  reduction  process  is  conducted  in  the  700-980°C  tem¬ 
perature  range  and  more  than  90?  of  the  sodium  has  been  utilized 
(third  period),  the  principal  reactions  take  place  in  the  salt 
melt.  The  stepwise  titanium  reduction  reactions  (II')  and  (VI') 
predominate  during  this  phase. 
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The  reduction  of  TiCl2  to  titanium  (V-)  is  slow  and  of  no 
appreciable  importance  under  these  conditions,  although  the  for¬ 
mation  of  titanium  dichloride  is  more  probable  under  these  condi¬ 
tions  than  it  is  in  the  2GG-7Q0°C  range. 

When  reduction  processes  are  run  in  the  700—9 C  temperature 
range  and  70  to  90S  of  the  Na  has  been  utilized  (second  period), 
the  reactions  are  mixed-phase,  with  the  nature  and  mechanism  of 
the  reactions  taking  place  in  the  gaseous  and  condensed  phases 
analogous  to  those  of  the  first  and  second  period  reactions  for 
the  corresponding  phases .  As  Na  utilization  advances  from  70  to 
90S,  the  gaseous-phase  reactions  become  less  Important  and  those 
in  the  fused  salt  come  to  the  fore. 

When  the  process  is  run  in  the  700-980°C  temperature  range, 
its  rate  is  very  high  and  limited,  as  far  as  is  known,  solely  by 
the  rate  at  which  heat  is  withdrawn  from  the  reactor.  The  sodium 
utilization  coefflci'  >t  reaches  100S.  However,  continuing  the 
reduction  to  total  utilization  Of  the  sodium  requires  Very  pre¬ 
cise  batching  of  the  reactants,  since  the  reaction  mass  will 
otherwise  contain  lower  titanium  chlorides  or  metallic  sodium  and 
become  extremely  difficult  to  process. 

M<kf  a*|  4  alao  (jf  ^ prCtlUCSu  ^  *700*“ 

980°C  temperature  range  and  aggregate  into  larger  concretions  on 
the  surface  of  thr  oreviounly  reduced  titanium.  Increasing  the 
reaction-mass  holding  time  and  temperature  at  the  end  of  the  proc¬ 
ess  or  increasing  the  argon  pressure  in  the  reactor  results  in  an 
increase  in  the  titanium-concretion  sizes  to  10-25  mm. 


<  r\  a  nanf  o  ^  r\  f  nmnanof  imn  non  «”\r» 


during  a  certain  period  is  somewhat  arbitrary,  since  the  reactions 
serially.  The  lai*ge  exothermic  heat  effects  of  the  reae— 
tions  and  non uni form  dissipation  of  heat  from  the  reactor  result 
in  large  temperature,  pressure,  and  reactant-concentration  grad¬ 
ients  in  the  working  space,  with  the  result  that  gaseous-,  liquid-, 
and  solid-phase  reactions  take  place  simultaneously  in  the  reac¬ 
tor  with  secondary  and  disproportionation  reactions. 


I 
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What  we  have  said  regarding  the  mechanism  of  the  sodiother- 
mic  TiCl^  reduction  applies  for  periodic  delivery  of  sodium  to  the 
reactor.  With  simultaneous,  continuous  delivery  or  the  TiCl^  and 
Na  into  the  reactor  at  700-9 80°C  in  the  proportions  stoichiomet¬ 
ric  for  Reaction  (I*),  they  react  at  such  a  high  rate  that  the 
stepwise  nature  of  the  reactions  is  practically  effaced.  On  the 
other  hand,  lower  titanium  chlorides  form  on  a  departure  from 
stoichiometric  TiCl^  and  Na  proportions  when  tney  are  fed  into 
the  reactor  simultaneously  and  continuously.  Thus,  at  TiCl^rNa  ■ 

*  1:1,  the  principal  product  is  titanium  trichloride,  while  the 
dichloride  forms  preferentially  at  the  proportions  TiCl„:  Na  = 

m  t‘  2. 

Design  of  Equipment  and  Process  Technology 

The  reduction  of  titanium  tetrachloride  by  sodium  is  accom¬ 
panied  by  the  release  of  a  large  amount  of  heat.  The  enthalpy  of 
the  over-all  reaction  . 

-i-tlO.-t  Ns-.-J-'H  +  NbO  (r) 

is  204.4  kcal/g-atom  of  titanium  under  standard  conditions  ana 
ixceed n  the  enthalpy  of  ths  MgMSlGthermx  c  reduction  by  6bS. 

The  amount  of  heat  released  in  modern  reactors  for  the  sodio- 
thsrmio  reduction  of  TiCljj  is  about  450-600  thousand  kcal/h.  A 
considerable  part  of  this  heat  must  be  withdrawn  from  the  reactor 
to  maintain  the  desired  set  of  conditions. 

The  industrial  technology  of  the  sodiothermie  titanium  re¬ 
duction  ie  based  on  a  process  run  in  the  750-980°C  temperature 
range  with  simultaneous  delivery  of  liquid  sodium  and  titanium 
tetrachloride  into  the  reactor  in  near-stoichiometric  proportions. 

Figures  57-60  present  a  schematic  drawing  and  photographs  of' 
a  reactor  U3ed  for  the  sodiothermie  reduction  of  titanium  at  the 
Ashtabula  plant  of  the  American  firm  Electrometallurgical.  The 
reactor  is  1500  mm  in  diameter  and  4300  mm  high.  It  is  made  of 
stainless  steel  with  sir.  inner  lining  of  low-carbon  steel.  The 
total  thickness  of  the  reactor  wall  is  25.4  mm  [245j>  rne  expen¬ 
sive  two-layered  steel  is  used  in  an  effort  to  prolong  reactor 
service  life,  which  is  limited  at  high  temperatures  chiefly  by 
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the  scaling  resistance  of  the  material  of  whicr.  the  rtactcr  outer 
surface  is  made.  Everything  said  earlier  regarding  e.plppf  ton  f* 
materials  for  magnesiothermic  reactors  also  applies  to  the  mate¬ 
rials  that  may  be  used  for  construction  of  a  sodiothermic  reactor 
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Figure  57*  Diagram  of  reactor 
for  sodiothermic  reduction  of 
TiCljj.  1)  Reactor  casing;  2) 

reactor  cover;  3)  shield;  -5 
slidevalve  unit;  5)  salt  lock; 

6)  runners  for  cooling  flanges; 

7)  connection  for  evacuating 
reactor. 


Figure  58.  Reactor  for 
sodium  reduction  of 

mini 


The  dome-shaped  cover  of 
the  reactor  has  a  connecting 
pipe  for  evacuation  of  the  re¬ 
actor  and  filling  it  with  ar¬ 


gon,  notings  lor  cue  ucii Very  ui  titanium  tet'"«Oniorlue  aiiu  so¬ 
dium  into  the  reactor,  and  a  connection  with  a  slidevalve  device 
for  bleeding  pressure  from  the  reactor.  A  heat  shield  is  in¬ 
stalled  under  the  reactor  cover  and  usually  packed  with  a  salt 
lock,  whose  purpose  is  to  prevent  vaporised  sodium,  titanium  tetra¬ 
chloride,  and  lower  titanium  chlorides  from  entering  the  cold  zone 
of  tne  reactor  between  she  shield  and  the  cover.  At  the  beginning 
of  the  reduction  process,  when  there  is  an  excess  of  sodium  in  the 
reactor,  the  heat  shield  also  serves  as  a  condenser,  on  whose  sur¬ 
face  the  sodium  vapor  condenses  and  is  drained  into  the  reactor's 
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Figure  59.  Service  level  (top)  of 
reactor  for  sodium  reduction  of 
TIC!.. 


working  source. 

^-e  oover  and  casing  of 

I  j||^  the  reactor  are  packed  with 

o^^kots  made  oT  Vacuum  rub  — 

f ber>  Gi’aphitized  asbestos, 

or  copper  or  aluminum  wire, 
^SyXMmya  or  by  welding  [245J.  When 
jn~ vacuum  rubber  is  used,  the 

flanges  are  cooled  with  oil 
or  wafcer  f’pd  1  n t* n  mnnoM 

"SSlS’dSSSnt!™1  of  T1C1*  “• cov" 

Unlike  the  reactor  used 

in  the  magnesium  reduction  of  titanium  tetrachloride,  this  reac¬ 
tor  does  not  have  a  device  for  drainage  of  the  sodium  chloride 

f'  0  Y*mo  H  Hnr»1  n«r  fV»A  v*n  f  ^  «4  M  44-  4.  *  .»  «  «« 

. . *o  ,#**w  ‘v^wivu,  xv  xd  nut  urainea  irom  zne  re- 

actor  either  during  the  process  of  after  its  completion  [214,  215, 
245].  This  is  because  the  sodium  chloride  may  take  minute  titan¬ 
ium  particles,  lower  titanium  chlorides,  and  sodium  with  it  when 
it  is  drained.  When  the  titanium  particles,  lower  chlorides,  and 
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substantial  titanium  losses.  This  process  releases  large  amounts 
of  heat  and  gases,  to  the  detriment  of  working  conditions  and  the 
safety  of  operating  personnel.  Moreover,  in  the  sodium  reduction 
of  TlCijj,  the  fused  sodium  cmonae  is  a  process  atmosphere  that 
favors  stabilization  of  the  reduction  process  and  improves  condi- 


t  ions  i or  cry s x> <a«l X i. x on  01  cnc  citsiiiuin* 


These  are  the  reasons  why  the  sodium  chloride  is  not  drained 
during  the-  sodiothermic  reduction  of  titanium  tetrachloride.  From 
the  standpoint  of  reactor  useful- volume  utilization,  this  is  a 
deficiency  of  the  technology  under  discussion,  since  there  are 
about  2.7  liters  of  NaCl  per  liter  of  reactor  volume  occupied  by 
reduced  titanium,  which  has  a  mass  per  unit  volume  of  about  2 
kg/liter. 

Furnace  designs  for  the  sodium  reduction  of  TiCl^  are  simi¬ 
lar  to  those  used  in  the  magnesiothermic  process.  Since  the 
amount  of  heat  released  in  a  sodiothermic  reactor  is  2-3  times 
the  amount  in  the  magnesium  process  owing  to  the  larger  exother¬ 
mic  heat  errects  of  the  reactions  and  the  higher  rate  of  the  proc¬ 
ess,  the  cooling  systems  used  in  furnaces  of  the  former  type  must 
be  more  efficient. 


The  problem  of  heat  offtake  from  a  sodiothermic  reactor  is 
more  complex  than  for  the  magnesiothermic  process.  To  a  certain 
degree,  the  situation  is  made  easier  by  the  fact  that,  in  contrast 
to  the  magnesiothermic  process,  the  peculiarities  of  the  sodium 
process  make  it  possible  to  switch  off  the  bottom  zone  of  the 
furnace  after  the  reactor  has  been  warmed  up  and  the  reduction 
reaction  has  begun  in  it,  since  it  is  unnecessary  to  drain  the 
sodium  chloride  produced  and  there  is  no  danger  that  the  reducing 
agent  and  the  lines  through  which  it  is  transported  into  the  reac¬ 
tion  zone  will  freeze.  Furthermore,  the  larger  capacity  of  a 
sodiothermic  reactor  as  compared  to  a  magnesiothermic  reactor  with 
the  same  per-cycle  output  gives  it  a  larger  surface  area  and  hence 
promotes  dissipation  of  heat. 


FTD-HC-2 3- 352-69 


349 


i 

1 


1 

a 

i 


1 

1 

i 

• 

1 

i 

1 


1  -  z/ 


1 


In  addition,  vaporization  of  the  sodium  in  the  reaction  zone 
i  and  its  e,'r dentation  in  the  reactor’s  cold  zones  during  the  reduc- 
;  tlen  of  TiCi^  vrith  a  sodium  excess  creates  conditions  favoring 
|  uniform  temperature  distribution  in  the  gas  space  and  transfer  of 
I  heat  Into  the  cold  zones  of  the  reactor;  in  combination  with  the 
;  progress  of  reduction  reactions  in  the  fused  salts,  this  equalizes 
I  temperatures  In  the  reactor  and  permits  cooling  it  more  effi¬ 
ciently, 
i 

The  relatively  uniform  evolution  of  heat  in  the  sodiothermic 
jj  reactor,  especially  after  the  process  rate  has  stabilized,  makes 
\  it  possible  to  dispense  with  thermocouples  in  the  reaccor  working 
|  space  and  measure  temperature  with  external  temperature  senders 
j  at  the  most  characteristic  points  on  the  surface  of  the  unit, 
j This  simplifies  reactor  design. 

,  In  sir-imln  cues,  it  is  necessary  to  measure  the  temperature 
I  of  the  shield  under  the  reactor  cover.  This  is  most  frequently 

P 

:  the  case  during  the  initial  phase  of  the  process,  when  heat  trans- 
<  f»r  to  the  shield  increases  sharply  owing  co  condensation  of 
,  sodium  vaporized  in  the  reaction  zone  unto  the  shield.  In  this 

fosse,  a  temperature  sender  Is  mounted  on  the  reactor  shield  and 

* 

:tbo  indication  used  to  regulate  the  rate  of  delivery  of  titanium 
I  tetrachloride  into  the  reactor. 

j  Precision  batching  of  the  T1C14  and  sodium  that  are  fed  into 
{the  reactor  simultaneously  during  this  process  is  a  particularly 
feoaplex  task,  in  which  a  ±0.5 t  deviation  from  stoichiometry  is 
; regarded  as  acceptable.  Wrong  proportioning  of  the  TiCl^  and  so- 
idium  disturbs  the  process  and  results  in  a  reaction  mass  saturated 
(with  lower  titanium  chlorides  or  sodium.  Refinement  of  such  a  re¬ 
daction  mass  is  extremely  difficult,  a  large  amount  of  titanium  is 

i 

Host,  and  the  quality  of  the  metal  deteriorates  sharply. 

The  sodium  flowrate  is  usually  measured  with  electromagnetic 

/ 

rflow  meters.  The  principle  is  measurement  of  the  electromotive 
fforce  that  arises  in  the  sodium  stream  crossing  the  field  of  s 
special  magnet.  Sodium  delivery  is  regulated  with  needle-bellows 
(vacuum  valves,  which  are  usually  made  from  stainless  steel,  as  are 

l 
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all  pipelines  and  containers  in  contact  with  the  molten  sodium. 

The  flowrates  and  proportions  of  the  TiCl^  and  Na  are  prograimned 
by  a  special  device  and  regulated  automatically.  The  control 
parameters  used  to  guide  the  reduction  process  are  the  temperature 
and  pressure  in  fcne  reactor  at  a  given  flowrate  and  the  propor¬ 
tions  of  titanium  tetrachloride  and  sodium. 

Before  placing  it  in  the  furnace,  the  assembled  reactor  is 
carefully  sealed  and  evacuated  to  a  residual  pressure  of  200- 
300  pm,  followed  by  leak-testing.  A  reactor  in  which  the  Iobs  of 
vacuum  during  this  test  does  not  exceed  5-8  pm/ min  is  regarded  as 
tight. 


The  sealed  reactor  is  installed  in  the  furnace,  evacuated 
again  to  a  residual  pressure  of  200-300  pm,  and  then  supplied  with 
purified  argon  to  an  sxcoss  prasaura  of  0 . 2—0 . 3  utw.  me  rvaciur 
is  heated  with  the  argon  to  500-600° C,  the  argon  pressure  in  it  is 
lowered  to  k0-80  mm  Hg,  and  delivery  of  the  starting  reactants  is 
begun.  For  a  few  minutes  at  the  start  of  the  process,  the  reactor 
receives  only  liquid  sodium;  the  object  here  is  to  stabilize  so¬ 
dium  flowrate  and  test  the  monitoring  and  measurement  Instruments 
and  the  automatic  systems.  Simultaneous  delivery  of  the  TiCl^ 
with  the  sodium  into  the  reactor  Is  then  started,  with  observance 
of  stoichiometric  proportions. 


At  the  beginning  of  the  process,  when  the  volume  of  reaction 
mass  is  still  small  and  there  is  no  sodium  excess  in  the  reactor, 
the  highest  temperatures  are  observed  at  the  base  of  the  reactor. 
Tu«ri|  as  a  result  of  development  of  the  gaseous-phase  feicnwi#, 
the  maximum- temperature  zone  shifts  to  the  top  of  the  reactor  and 
remains  there  until  60-75<  of  the  sodium  has  been  utilized.  Dur¬ 
ing  this  period,  much  of  the  heat  can  be  taken  off  through  the  re¬ 
actor  cover,  and  the  shield  temperature  is  the  basic  parameter 
with  reference  to  which  the  rate  of  the  reduction  process  can  be 


regulated. 


Experiments  run  with  periodic  sodium  loading  have  indicated 
that  the  tenperature  at  the  top  of  the  reactor  rises  sharply  im¬ 
mediately  after  injection  of  a  portion  of  sodium  into  it;  this 
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Indicates  rapid  vaporization  of  the  sodium  and  progress  of  the  re¬ 
duction  reactions  in  the  gaseous  phase. 

After  consumption  of  60-75$  of  the  Na,  the  maximum-temperature 
zone  gradually  migrates  to  the  middle  of  the  reactor,  indicating 
deceleration  of  the  gaseous-phase  reactions  and  a  shift  of  the  re¬ 
actions  to  the  surface  of  the  melt  and  into  it. 


On  utilization,  of  more  than  90%  of  the  sodium,  the  maximum- 
temperature  zone  is  entirely  within  the  melt,  where  it  remains  to 
the  end  of  the  process;  this  indicates  vigorous  progress  of  the 
reactions  in  the  fused  NaCl.  The  process  rate  remains  high. 


Under  industrial  conditions,  an  effort  is  made  to  conduct  re¬ 
duction  with  a  small  (1-3$)  sodium  excess  in  order  to  prevent  for¬ 
mation  of  lower  titanium  chlorides.  At  the  end  of  the  process, 
sodium  delivery  is  cut  off,  and  the  supply  of  titanium  tetrachlo¬ 
ride  is  continued  at  a  slow  rate  until  the  sodium  is  100$  uti¬ 
lized. 


The  average  rate  of  titanium  chloride  delivery  over  the  re¬ 
duction  time  is  about  450-600  kg/h.  In  the  initial  phase,  until 
10-15$  of  the  sodium  is  utilized,  the  delivery  rate  i3  held  at  the 
200-400  kg/h  level,  then  raised  to  500-700  kg/h,  lowered  again  at 
98-99$  sodium  utilization,  and  held  at  the  40-60  kg/h  level  until 
all  of  the  sodium  has  been  utilized. 


On  termination  of  titanium  tetrachloride  delivery,  the  fur¬ 
nace  electric  heat  is  switched  on  and  the  temperature  in  the  reac¬ 
tor  is  raised  to  960-1000°C.  The  temperature  is  held  at  thi3 
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and,  in  the  opinion  of  some  authors 
des  increase  in  size  [245]. 


the  lower  chlorides  are  reduced 

,  the  reduced  titanium  parti- 


After  the  high-temperature  held,  the  electric  heaters  are 
switched  off  and  the  reactor  is  cooled  in  the  furnace  to  600-700° C 
to  prevent  oxidation  of  the  reactor  materia.  1  when  it  5*  extracted 
from  the  furnace.  Cooling  of  the  reactor  in  the  furnace  takes  2-4 
hours,  after  which  it  is  transferred  to  a  chilling  platform  for 
forced  air  coaling  to  lower  its  temperature  further  [214,  215]. 

On  cooling  to  the  ambient  temperature,  the  reactor  is  transferred 
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to  the  department  in  which  the  reaction  mass  is  assayed. 

Smoiinsky  tested  a  variety  of  ways  of  delivering  the  titanium 
tetrachloride  and  sodium  into  the  reactor  [252].  They  included: 

a)  injection  of  the  titanium  tetrachloride  into  a  layer  of 
fused  sodium  and  potassium  chlorides  with  liquid  sodium  on  its 
surface: 

b)  introduction  of  liquid  sodium  into  a  layer  of  fused  sodium 
and  potassium  chlorides  under  titanium  tetrachloride  vapor  in  the 
reactor's  gas  space; 

c)  introduction  of  sodium  and  titanium  tetrachloride  simul¬ 
taneously  into  the  fused  sodium  and  potassium  chlorides. 

It  was  found  difficult  in  all  cases  to  prevent  buildups  in 
the  orifices  of  the  feeders  through  which  sodium  or  TiCl^  was  de¬ 
livered  into  the  fused  salt.  Further,  vigorous  agitation  of  the 
fused  bath  produces  an  extremely  fine  titanium  powder.  A  certain 
amount  of  interest  attaches  to  solution  of  the  metallic  Bodium  in 
the  fused  salt  before  the  TiCl^  is  delivered  into  the  reactor.  In 
this  case,  the  reaction  rate  is  quite  high  and  the  titanium  is 
produced  in  the  form  of  larger  particles  that  are  easily  separated 
from  the  salt. 

At  the  present  time,  however,  the  most  highly  perfected  and 
practically  useful  industrial  method  is  that  in  which  the  titanium 
tetrachloride  vapor  and  liquid  sodium  are  delivered  simultaneously 
into  the  reactor  gas  space  in  near-stoichiometric  proportions. 

Below  we  shall  consider  the  equipment  and  technology  used  at 
the  Ashtabula  plant  of  the  American  firm  Electrometallurgical  as 
a  working  Industrial  example  of  the  sodiothermic  process  [214, 

215,  2453.  The  reduction  reactors,  the  design  of  which  was  dis¬ 
cussed  above,  are  Installed  in  a  resistance  furnace  2400  mm  in 
diameter  and  6100  mm  high.  There  are  24  reduction  units,  with  12 
accomodated  in  each  of  two  plant  buildings.  Two  metering  tanks 
are  Installed  in  each  furnace:  a  1.8-2.2-ton  tank  for  sodium  and 
a  3.6-4.5-ton  tank  for  the  titanium  tetrachloride.  The  reduction 
cycle  begins  with  evacuation  of  the  reactor  to  a  residual  pressure 
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of  300  Jim  Hg  by  means  of  a  four-stag*  vapor-ejection  puss.  The 
reactor  is  then  filled  with  argon  and  installed  in  the  furnace. 
Sodium  and  TiClj,  are  delivered  simultaneously  into  the  reactor  for 
5-7  h.  Then  the  furnace  is  switched  on.  the  reactor  heated  to 
1000® C,  and  held  at  that  temperature  for  4-6  h  to  complete  the 
reduction  reaction.  Then  the  furnace  heaters  are  switched  off 
and  the  reactor  is  cooled  in  the  furnace  for  2  to  4  h. 

For  further  cooling,  the  reactor  is  placed  on  a  chilling 
platform,  where  cold  aid  is  blown  over  it.  Air  heated  in  this 
manner  is  used  to  heat  the  plant  during  the  winter. 

It  la  eaei  !y  seen  from  the  above  figures  that  the  per-cycle 
output  of  the  reactor  la  about  1000  kg  of  titanium  In  this  case, 
and  that  the  average  hourly  flowrate  of  titanium  tetrachloride 
ranges  fro*  6uu  to  850  kg  or  35-50  g/cm2  of  reactor  croaa  section. 
The  equipment  is  tied  up  for  a  total  of  about  12-18  hours  in  a 
single  reduction  eyole. 

Published  technical  literature  offers  practically  no  data  on 
the  lnfluenoe  of  temperature,  pressure,  and  titanium  tetrachloride 
flowrate  on  the  course  of  the  reduction  processes  carried  out  in 
industrial  reactors  or  on  the  quality  of  the  titanium  produced. 

V. A.  Shubin  and  V.A.  ?asukfcini5>S.V.  Ogurtsov  and  V.A.  Razni- 
chenko  [106,  page  60 3,  V.D.  Savin  [2873,  and  others  have  studied 
the  lnfluenoe  of  these  factors  under  laboratory  conditions.  The 
optimum  established  was  utilization  of  the  titanium  tetrachloride 
end  sodium  to  practically  100«  of  the  stoichiometric  quantities. 

In  all  experimsnts,  increasing  the  rate  of  titanium  tetrachloride 
delivery  into  the  reactor  and  raising  the  temperature  from  @00  to 
960-1000° C  resulted  in  larger  titanium  particles  and  aggregates. 
Increasing  the  argon  pressure  in  the  reactor  had  a  similar  effect. 

Certain  aspects  of  temperature  variation  were  studied  by  A. I. 
Voynitskiy  et  al.  [2513  during  reduction  of  TiCl4  by  sodium  in  an 
industrial-type  reactor.  The  T1C14  was  delivered  into  the  reac¬ 
tor  continuously  at  a  high  rate,  but  the  sodium  was  fed  in  per¬ 
iodically  after  95-98?  of  the  preceding  portion  had  been  consumed. 
The  hlgiest  temperature  develops  above  melt  level.  After  60-75? 
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of  che  reducing  agent  had  been  utilised,  the  maximum-temperature 
zore  shifted  into  the  melt  because  of  the  development  of  reac¬ 
tions  between  the  titanium  chlorides  and  the  sodium  dissolved  in 
the  salt.  The  differences  between  the  readings  of  thermocouples 
placed  at  the  same  level  in  the  melt  were  very  small,  indicating 
that  the  reactions  were  advancing  throughout  the  entire  volume  of 
the  salt,  and  not  zonally.  It  was  established  that  delivery  of 
TiCljj  and  sodium  into  the  reactor  simultaneously  in  such  a  vay 
that  reducing-agent  utilisation  will  be  above  95*  at  all  times 
is  most  expedient.  This  minimises  the  importance  of  gaseous- 
phase  reactions,  so  that  the  process  can  be  accelerated  and  larger 
particles  of  high-grade  metal  can  be  produced. 

A.I.  Voynitskiy  and  O.V.  Perfil'yev  also  established  that  the 
insignificant  difference  between  the  melting  point  of  aodlum 
chloride  and  the  boiling  point  of  aodlum  (82°C)  does  not  present 
any  major  difficulties  in  the  sodlothenalc  process,  as  had  been 
assumed  at  one  time  [285].  Running  the  process  in  the  801-883°C 
range  results  in  vigorous  evaporation  of  the  sodium,  which  is  ac¬ 
companied  by  expenditure  of  about  1000  kcal  par  gram-atom  of 
sodium.  The  sodium  vapor  condenses  in  the  top  of  the  reactor, 
so  that  heat  la  withdrawn  rapidly  from  the  working  zone.  To  a 
substantial  degree,  the  reaction  proceeds  simultaneously  in  the 
gaseous  phase  and  is  accompanied  by  evolution  of  large  amounts  of 
heat;  this  is  a  characteristic  aspect  of  the  sodlothermlc  process 
run  with  a  small  sodium  excess  [92,  108,  160,  209,  210,  217,  2233. 

Preparation  of  Sodium  for  Reduction  Process 

Metallic  sodium  is  now  produced  by  electrolysis  of  alkali 
solutions  or  sodium  chloride.  Thermal  methods  of  producing  sodium 
have  not  yet  been  used  to  sny  appreciable  degree  in  industry  [232, 
238].  Most  of  the  sodium  used  to  reduce  titanium  is  produced  by 
electrolysis  of  fused  sodium  ohlorlds.  The  row  material  for  so¬ 
dium  production  In  this  csss  is  relatively  uncontaolnated  sodium 
chloride  produced  during  the  reduction  of  titanium  tetrachloride 
by  sodium. 
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Currently,  sodium  chloride  is  electrolyzed  in  Downs  elec¬ 
trolyzers  at  58o°C,  amperages  of  25,000-40s009  A,  and  a  voltage 
of  7.C  V.  The  unit-current  3odlum  yiell  80-85*  and  the  rate 
of  electric  power  consumption  about  11,000  kW*h/ton  of  Na  [242], 

With  practically  100%  sodium  utilization  and  95*  extraction 
of  commerieal  titanium  from  *-he  TiClH,  1.82  kg  of  h’a  must  be  used 
to  produce  1  kg  of  titanium.  In  magnesiothermic  reduction,  the 
amount  of  magnesium  used  per  kg  of  titanium  is  1.24  kg,  figuring 
with  70*  magnesium  utilization  and  a  95*  yield  of  commercial  titan¬ 
ium  from  the  TiCl, .  A  kilogram  of  Na  costs  about  40  cents,  and 

H 

a  kilogram  of  magnesium  about  80  cents.  Thus,  the  cost  of  the 
reducing  agent  in  the  sodiotheraio  method  is  about  ?8  cents  per 
kilogram  of  titanium,  aa  against  99  cents,  or  25*  more,  in  the 
magnesiothermic  proeeac.  The  calculation  is  made  for  American 
conditions;  elsewhere,  this  relationship  might  be  tipped  slightly 
in  favor  of  magnesium.  However,  given  well-deve loped  sodium  and 
sodiothermlc-titanium  industries,  the  cost  of  the  sodium  per  kilo¬ 
gram  of  reduced  titanium  may  be  held  below  the  cost  of  magnesium. 

The  amount  of  electric  power  used  in  producing  the  sodium 
needed  to  reduce  1  kg  of  titanium  is  about  20  kW*h,  as  against 
about  21.5  kW*h  when  magnesium  is  used. 

Acquisition  of  sodium  of  high  purity  is  made  easier  by  the 
fact  that  sodium  chloride  is  usually  electrolyzed  in  ar.  inert 
atmosphere  to  prevent  oxidation  of  the  sodium.  There  are  two 
methods  for  subsequent  purification  of  the  sodium:  distillation 
or  filtration,  and  they  both  yield  metal  of  high  purity. 

Ohe  contents  of  the  principal  impurities  in  sodium  produced 
in  Great  Britain  and  purified  by  filtration  or  distillation  are 
as  follows:  lass  than  0.001*  each  of  calcium,  magnesium,  silicon, 
and  nickel,  0.006*  oxygen.  0.0005*  iron  [?4?], 

Distillation  of  sodium,  which  has  a  relatively  low  boiling 
point  (883°C)  can  be  used  to  produce  99 ♦ 99*  pure  metal  in  which 
the  oxygen  content  does  not  exceed  0.006*  and  nitrogen  is  prac¬ 
tically  absent  [236].  Purification  of  sodium  by  distillation  is 
made  easier  by  the  fact  that,  even  at  high  temperatures,  sodium 
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has  practically  no  reaction  with  the  structural  materials  of  whicn 
the  equipment  and  pipelines  in  contact  with  the  sodium  are  made  — 
primarily  iron,  nickel,  and  copper. 


However,  the  purification  of  sodium  by  distillation  requires 
a  large  amount  of  power  and  is  very  expensive.  Cist-llation  re¬ 
quires  3.0  kWh  per  kg  of  sodium.  Filtration  is  a  simpler  and 
less  expensive  method  of  purifying  sodium  and  usually  yields  a 
product  at  least  as  good  as  the  distilled  metal. 
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glass  is  a  good  adsorbent  for  sodium  oxide,  and  for  this  reason 
sodium  is  sometimes  filtered  through  a  bed  of  glass  powder  [23?]. 
Satisfactory  results  are  obtained  by  filtering  sodium  through 
material  with  a  pore  sise  of  about  5  um  [238]. 


During  filtration,  the  sodium  is  cleared  of  iron,  calcium, 
oxide,  nitride,  and  sulfate  impurities.  The  solubility  of  sodium 
oxide  in  the  metal  declines  as  the  temperature  of  the  metal  de¬ 
creases.  Thus,  it  is  0. 023-0. 027*  in  the  100-150°C  range  (or 
a^006-a  on  to  oxy  jjoo )  -  inn  t*a  55  a  it  hv  a  fac¬ 

tor  of  2-3  at  200°C  [239].  For  this  reason,  sodium  must  be  fil- 
tered  at  the  lowest  possible  temperatures.  The  teraperatured  used 
in  practice  range  from  110  to  120°C. 

At  the  Ashtabula  plant,  sodium  is  filtered  through  20  layers 
of  screening  with  hole  diameters  of  about  40  vm  and  a  perforated 
steel  plate  with  a  hole  diameter  of  20  urn  [240].  Since  it  is 
necessary  to  clean  the  filters  periodically  to  remove  the  accumu¬ 
lated  oxides,  two  wits  are  set  up  in  parallel  —  one  operating 
and  one  being  cleaned. 

To  prevent  sodium  oxide  from  building  up  on  the  filtering 
screens  and  plates,  it  is  recommended  that  the  work  be  done  with 
she  screens  and  plates  covered  at  all  times  by  a  layer  of  mvval 
and  that  the  entire  system  be  filled  with  an  inert  gas.  To  re¬ 
move  suspended  matter  from  the  screens,  pure  metal  is  forced  back 
through  them;  as  a  rule,  the  basic  direction  of  filtration  la 
from  bottom  to  top.  The  filter  is  washed  by  feeding  metal  down 
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through  it.  In  this  case,  suspensions  are  easily  removed  from  the 
filter  and  drop  into  a  collector  from  which  they  are  periodically 
removed. 

Since  sodium  production  has  recently  developed  into  the 
large  tonnages  and  sodium  has  come  into  extensive  use  in  the 
chemical,  nuclear-power  and  electrical  industries,  its  storage 
and  long-distance  shipment.  Including  piping  of  liquid  sodium, 
are  functions  that  have  been  rather  well  developed  from  the  de¬ 
sign  and  technological  standpoints  and  present  no  major  technical 

A4  *#*4  A..11  * 

The  shipment  of  metallic  sodium  in  36-ton  railway  tank  cars 
with  Internal  oil-heated  coils  to  "arm  the  mstal  before  it  is 
drained  snd  dry  the  tanks  before  filling  has  bear,  described  [250], 
When  the  metal  ia  being  warmed,  the  oil  temperature  i3  held  at 
about  120°C.  After  the  sodium  has  been  melted  in  the  tank,  argon 
pressure  is  applied  (-v.1.0  atm)  and  the  sodium  is  displaced  into 
Intermediate  storage  tanks  at  the  sodium-using  plant.  Under  or¬ 
dinary  conditions ,  sodium  is  stored  under  a  layer  of  oil  or  kero  * 
sene.  To  prevent  carbon  contamination,  sodium  to  be  used  in  re¬ 
ducing  titanium  is  usually  stored  under  argon. 

Sodium  can  be  transferred  by  displacement  with  an  inert  gas, 
with  centrifugal  or  electromagnetic  pumps,  or  by  vacuum  suction. 
The  latter  method  is  preferred,  since  sodium  is  highly  fluid  at 
12Q°C  and  penetrates  through  any  defective  seals  in  pipelines  and 
equipment  of  a  pressurized  system.  In  the  vacuum-transfer  method, 
sodium  does  not  escape  through  defective  seals  in  the  system, 
since  this  Is  prevented  by  suction  of  air  through  the  defect  and 
oxidation  of  the  metal  at  this  point,  so  that  the  oxide  plugs 
the  leak.  Barometric  traps  are  installed  to  prevent  sodium  from 
entering  the  vacuum  system  of  the  pumps  [241]. 

At  the  Electrometallurgical  Ashtabula  plant,  the  pipeline 
used  to  transfer  sodium  from  railway  tank  cars  to  the  reduction 
reactors  is  1200  meters  long,  the  lines  are  induction-heated, 
and  magnesium  oxide  provides  heat  insulation.  According  to  data 
obtained  in  practice,  the  power  required  for  electric  heating  of 
one  meter  of  sodium-filled  pipeline  50  mm  in  diameter  is  100  W 
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for  induction  heating  and  75  W  for  wire-coil  heating  [44]. 

A  major  disadvantage  of  sodium  is  its  high  chemical  activity, 
which  requires  extremely  careful  design  and  observance  of  special 
precautionary  measures. 

Safety  measures  for  work  with  sodium  are  set  forth  in  detail 
in  the  specialized  literature  [242-244].  We  note,  however,  that 
the  reaction  of  metallic  sodium  with  water  is  particularly  dan¬ 
gerous,  since  it  proceeds  with  vigorous  evolution  of  hydrogen  and 
heat  and  is  consequently  explosive.  Hence  all  necessary  measures 
must  be  taken  to  exclude  the  possibility  of  the  sodium-water  reac¬ 
tion.  Use  of  water  in  the  same  areas  with  sodium,  including  its 
use  to  cool  equipment  holding  sodium,  is  strictly  prohibited. 
Metallic  sodium  also  reacts  vigorously  with  chlorinated  hydro¬ 
carbons  (for  example,  CCljj )  and  dry  ice. 

The  sodiothermlc  reduction  of  titanium  produces  a  certain 
amount  of  wastes  that  contain  unreacted  sodium  and  must  be  ren¬ 
dered  harmless.  It  is  recommended  that  they  be  generously  doused 
with  kerosene,  ground  up,  and  burned  for  this  purpose  [242],  or 
else  treated  with  sodium  hydroxide  solution  with  thorough  removal 

of  the  hydrogen  formed  in  the  process  to  prevent  formation  of  ex- 

(6) 

plosive  mixtures. 

Two-Stage  Reduction 

As  we  noted  above,  the  lower  titanium  chlorides  formed  in 
the  sodium  reduction  of  TiClj,  are  readily  soluble  in  fused  sodium 
chloride.  As  a  result,  low-melting  eutectics  form  in  the  salt 
phase,  along  with  chemical  compounds  of  the  types  NaCl'TiClg, 
2NaCl-TiCl2,  3NaCl*TiCl3,  13NaCl*3TiCl3*2TiCl2  etc.  [106,  page  60; 
259;  26?;  265,  266]. 

The  presence  of  these  low-melting  eutectics  and  chemica* 
compounds  in  this  system,  together  with  the  high  solubility  of 
metallic  sodium  in  NaCi,  make  it  possible  to  carry  out  the  reduc¬ 
tion  process  in  two  stages. 

The  first  stage  of  the  process  is  run  at  500-800°C  under  con¬ 
ditions  such  that  the  reduction  proceeds  not  to  metallic  titanium. 

Footnote  (6)  is  on  page  369. 
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but  to  its  lower  chlorides.  This  is  accomplished  by  conducting 
the  process  with  less  than  the  stoichiometric  amount  of  sodium. 

As  a  rule,  the  process  is  carried  to  formation  of  TiCl0  or  to  the 
binary  and  ternary  salts  mentioned  above.  In  the  first  stop  of 
the  process,  i.e.,  the  reduction  of  TiCl^  to  the  lower  chlorides, 
about  60#  of  the  total  heat  of  the  reduction  reaction  of  TiCljj  to 
the  metal  is  released.  The  reactions  that  reduce  TiCl^  to  the 
lower  chlorides  proceed  at  high  rates  and  permit  the  design  of 
highly  productive  reactors  for  the  first  stage  of  the  process. 
Here  it  is  important  not  to  permit  the  reduction  of  TiCl^  to  ti¬ 
tanium  in  the  gaseous  phase  or  disproportionation  reactions  to 
advance  to  any  marked  degree,  since  a.  large,  amount  of  finely  dis¬ 
persed  titanium  would  then  form  in  the  reactor  and  not  only  lower 
the  yield  of  high-grade  metal  from  the  TiCl^,  but  also  compli¬ 
cate  the  second  process  stage  in  which  the  lower  chlorides  are 
reduced  to  titanium.  At  the  same  time,  the  formation  of  a  small 
amount  of  finely  disDersed  titanium  during  the  first  stage  is 
even  desirable,  since  it  absorbes  a  substantial  amount  of  impuri¬ 
ties  and  this  makes  it  possible  to  obtain  purer  metal  in  the 
second  stage. 

In  the  second  stage  of  the  process,  the  lower  titanium  chlo¬ 
rides,  which  are  dissolved  in  30dium  chloride,  are  reduced  by 
sodium  fed  onto  the  melt  surface.  The  reactions  are  diffusive  in 
nature. 

The  resulting  titanium  particles  are  then  nuclei  on  whose 
surfaces  large  titanium  crystals  grow,  reaching  lengths  up  to  25- 
100  mm  and  thicknesses  of  3-8  mm.  During  the  second  stage  of  the 
process,  the  reduction  proceeds  quite  rapidly  at  600-1000°C,  re¬ 
leasing  about  of  the  heat  of  the  over-all  reduction  of  TiCl,4 
to  i ’ tanium.  It  is  especially  advantageous  to  reduce  binary 
titar  'urn  salts  and  the  so-called  "black  salt"  (13NaCl* 3TiClj* 

• 2T1C1  1  since  this  minimizes  the  disproportionation  reactions, 
wh  ch  pro  .ice  finely  dispersed  low-grade  titanium  [266]. 

Two-stage  sodium  reduction  of  TiCl^  can  produce  titanium  of 
very  high  purity,  with  quality  approaching  that  of  iodide  titan¬ 
ium.  It  has  been  reported  that  this  method  has  produced  metal 
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Figure  62.  Diagram  of  installation  for 
two-stage  reduction  of  TiCl^  by  sodium. 

1)  Retort  cover;  2)  retort;  3)  shield; 

)  inner  shell;  5)  furnace;  6)  three- 
point  thermocouple;  7)  external  thermo¬ 
couple;  8)  contact  galvanometer;  9)  po¬ 
tentiometer;  10)  rotameter;  11)  bellows- 
valve;  12)  TlCl^  tank;  13)  level  tube; 

14)  sodium  tank;  15-16)  automatic  con¬ 
troller;  17)  thermocouple  for  temperature 
measurement  In  sodium  tank;  18)  contact 
galvanometer;  19)  timing  relay. 


conditions  favorable  for  seaicontinuous  and  continuous  processes 
for  the  sodium  reduction  of  TiCl^. 

<  Figure  62  presents  a  schematic  diagram  of  a  two-stage  in¬ 
stallation  for  the  sodium  reduction  of  TICljj.  The  T1C1  ^  is  re¬ 
el  uced  first  to  the  lower  chlorides  and  then,  in  the  second  stage, 
to  titanium  in  the  same  reactor. 

f 

\  Several  variants  of  the  two-stage  process  have  been  proposed. 

£ 

"lua,  Schott  and  Handley  [246]  recommend  temperatures  of  150-400°C 

* 
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for  the  first  stage,  with  introduction  of  25  to  90*  of  the  stoi¬ 
chiometric  amount  of  Na  into  the  reactor  to  reduce  the  TiCl^  to 
the  metal.  The  second  stage  is  run  at  805-1050°C  with  addition 
of  sodium  in  the  amount  necessary  for  complete  reduction  of  the 
titanium.  The  rate  of  injection  of  sodium  into  the  reactor  during 
the  second  stage  determines  the  size  and  structure  of  the  crystals 
and  blocks  of  the  resulting  metal:  As  a  rule,  rapid  introduction 
of  the  sodium  produces  fine-grained  titanium,  while  large  crystals 
form  preferentially  at  low  sodium  feed  rates.  The  titanium  pro¬ 
duced  has  hardnesses  of  60-70  HB.  It  is  recommended  that  the  re¬ 
actions  mixture  be  transferred  from  the  first,  low-temperature 
reactor  into  the  fused  salt  bath  of  the  second  reactor  by  worm 
feed;  the  entire  system  must  be  airtight. 

Keller  indicates  that  the  first  stage  of  the  reduction  to 
TiCl2  must  be  run  at  a  reactor  temperature  above  800°C  with 
vigorous  stirring/8^  Voge  [transliterated  from  Russian]  proposes 
that  the  NaCl  melt  with  the  lower  chlorides  that  is  obtained  dur¬ 
ing  the  first  stage  of  the  reduction  be  poured  into  a  box  and 
placed  in  a  reduction  fur-ace  held  at  temperatures  up  to  1000°C 
for  the  second  stage.  The  sodium  is  injected  onto  the  surface 
of  the  melt  at  several  points  along  the  length  of  the  box.  The 
reduced  crystals  form  a  crust  on  the  melt  surface.  Since  the 
level  of  the  fused  salt  rises  during  reduction,  it  coats  this 
crust  and  the  crystals  grow  upward  in  the  fused  salt  from  the 
original  crust,  reaching  lengths  up  to  25  mm.  After  reduction  is 
complete ,  the  box  is  placed  in  a  furnace  so  that  the  excess  salt 
can  be  melted  out. 

King3bury(9lroposes  that  the  first  stage  be  run  at  700°C  to 
produce  a  melt  containing  26.5*  TIClg,  34.5*  TiClj,  and  39.0*  NaCl 
which  corresponds  to  the  compound  SNaCl’TiClg'TiClj.  After  freez¬ 
ing,  the  resulting  melt  is  crushed  and  loaded  at  825°C  into  the 
second-stage  reactor,  which  has  been  filled  with  sodium.  Obvious¬ 
ly,  the  reduction  will  produce  some  titanium  granules  mixed  with 
NaCl  and  sodium,  which  it  is  proposed  to  separate  in  a  vacuum  or 
subject  to  hydrometallurgical  refinement;  this  would  be  extremely 
difficult  owing  to  the  sodium  excess  in  the  reaction  mixture. 
Footnotes  (8)  and  (9)  are  on  page  3^9. 
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Keller  ^proposes  that  the  process  be  carried  out  in  a  reac¬ 
tor  consisting  of  two  parts  separated  by  a  perforated  partition. 
The  NaCl  melt  with  the  lower  titanium  chlorides,  basically  TiCl2, 
would  be  on  one  side  of  the  partition,  and  a  aodlum-saturated 
NaCl  melt  on  the  other.  The  partition  would  prevent  mixing  of 
the  melt  and  localize  the  reduction  zone.  Large  crystals  grow  on 
the  perforated  partition  at  850-9 50° C. 

This  method  was  proposed  in  a  different  design  version  by 
V.A.  Pazukhin  and  V.A.  Shubin/11^ 

To  prevent  the  lower  titanium  chlorides  from  reacting  with 
the  reactor  material,  M.  Gllnichka  proposes  that  the  first  reduc¬ 
tion  stage  be  run  in  a  reactor  whose  walls  are  lined  with  NaCl. 

Other  versions  of  the  two-stage  process  have  also  been  sug¬ 
gested/12^  The  increased  frequency  of  patents  for  the  two-stage 
process  indicate  that  intensive  research  is  being  carried  out 
toward  the  development  of  this  promising  method. 

Reduction  by  Amalgams  and  Mixed  Reducing  Agents 

The  effort  to  simplify  the  sodiothermic  method  of  TlCl^  re¬ 
duction  and  make  it  less  expensive  has  led  to  the  testing  of  so¬ 
dium  amalgam  as  a  reducing  agent.  Sodium  amalgams  can  be  pro¬ 
duced  easily  by  electrolyzing  a  solution  of  sodium  chloride  or 
hydroxide  in  a  bath  with  a  mercury  cathode  at  25-30° C. 

As  we  know,  the  solubility  of  sodium  in  mercury  13  0.1-0. 7* 
at  temperatures  from  0  to  50°C,  1.25*  at  50-100°C,  and  about  2.5* 
at  150°C.  In  production  of  the  amalgam,  the  electric  power  con¬ 
sumption  per  kilogram  of  sodium  in  the  amalgam  is  smaller  by  a 
factor  of  2-3  than  when  metallic  sodium  is  produced  by  electroly¬ 
sis  of  used  sodium  chloride;  consequently,  the  cost  of  the  so¬ 
dium  in  the  amalgam  is  also  substantially  lower  than  the  cost  of 
metallic  sodium  [245,  247]/13) 

TiCljj  can  be  reduced  to  the  metal  not  only  by  amalgams  of 
sodium,  but  also  by  amalgams  of  calcium,  potassium,  and  lithium. 
Reduction  is  promoted  by  the  reaction  of  the  titanium  product  with 
the  mercury,  with  formation  of  the  lntermetallic  compound  TiHg. 
Footnotes  (10),  (11),  <  12)  arid  (13)  are  on  pages  369  and  370. 
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This  releases  about  7  kcal/g-atom  of  heat,  an  indication  that  this 
compound  is  quite  stable. 

The  chlorides  of  sodium,  calcium,  potassium,  and  magnesium 
have  melting  points  considerably  higher  than  the  boiling  point 
of  mercury.  For  effective  management  of  the  process,  it  is  neces¬ 
sary  that  the  salts  that  are  formed  be  kept  fused,  with  the  mer¬ 
cury  vapor  pressure  in  the  reactor  running  to  several  tens  of 
atmospheres.  It  is  therefore  recommended  that  the  reduction  proc¬ 
ess  be  carried  out  with  an  amalgam  of  two  metals  whose  chlorides 
form  low-melting  eutectics  [248].  The  two  metallic  reducing 
agents  must  have  activities  in  the  amalgam  that  give  them  approxi¬ 
mately  identical  affinities  for  chlorine j  this  is  necessary  for 
their  simultaneous  reaction  with  the  TiCljj  and  the  formation  of 
a  low-meltinc  eutectic  in  the  process.  These  requirements  are 
nicely  satisfied  by  amalgams  of  sodium  with  calcium,  since  their 
chlorides  have  a  eutectic  with  a  melting  point  at  about  500° C. 

The  content  of  the  reducing  metals  in  the  amalgam  should  not 
exceed  1-3*  (by  mass)  so  that  the  amalgam  will  remain  fluid  at 
room  temperature.  The  reduction  is  usually  carried  out  at  about 
520°C  with  a  mercury  vapor  pressure  of  about  10  atm  prevailing  in 
the  reactor. 

The  result  of  reduction  is  a  mobile  mass  that  is  easily  sep¬ 
arated  from  the  salts  after  they  have  solidified  and  filtered  on 
a  filter  whose  holes  are  about  20  urn  in  diameter.  The  mercury 
filtrate  that  results  contains  practically  no  titanium,  and  the 
yield  of  filtrate  is  about  90$  of  the  mercury  originally  taken. 

The  residue  on  the  filter  is  a  titanium  amalgam  and  is  distilled 
at  700°C  in  an  inert-gas  atmosphere,  leaving  pure  metallic  titan¬ 
ium  in  the  solid  phase,  while  the  mercury  that  has  been  driven  off 
is  recycled.  Distillation  of  the  mercury  is  a  simple  and  inexpen¬ 
sive  process,  since  it  is  necessary  to  vaporise  only  an  insig¬ 
nificant  part  of  the  mercury  taken  for  the  process  (about  5-8$) • 

It  has  been  computed  that  the  cost  of  the  reducing  ar,ent 
amounts  to  no  more  than  0.5$  of  the  cost  of  titanium  in  this  proc¬ 
ess,  while  the  cost  of  the  reducer  represents  about  20$  in  the 


til's” 1 '  ” - 


FTD-HC-2 3-352-69 


364 


reduction  of  TiCl^  with  metallic  sodium.  An  important  drawback 
of  the  amalgam  process  is  the  rapid  turnover  of  mercury ,  which 
results  from  the  relatively  low  solubility  of  sodium  and  titanium 
in  it  at  moderate  temperatures;  another  is  the  high  toxicity  of 
mercury.  These  two  factors  render  the  amalgam  process  rather 
unworkable  at  the  present  time. 

A  process  in  which  TiCljj  is  reduced  at  550-6006C  by  an  alloy 
of  sodium  with  sine  has  been  proposed.  In  the  550-600°C  range, 
the  solubility  of  sodium  in  -<nc  is  about  2.5$ ,  while  that  of 
titanium  in  sine  is  0.45$.  a  result  of  reduction,  all  of  the 
titanium  is  dissolved  in  the  excess  of  sine  and  easily  separated 
from  the  salt  phase  after  cooling.  The  resulting  Zn-Ti  alloy  is 
filtered  at  850-950*0,  and  the  filter  residue  is  separated  into 
its  components  by  vacuum  distillation  at  700-800°C  [249]. 

Use  of  sine  InsUwd  of  mercury  «akes  it  possible  to  elimi¬ 
nate  the  toxic  mercury  from  the  process,  but  sacrifices  the  basic 
advantage  of  the  amalgam  method  —  use  of  an  Inexpensive  reducing 
agent.  The  process  requires  highly  purified  sine,  which  is  very 
expensive.  Certain  improvements  to  the  process  have  been  sug¬ 
gested.  <**> 

The  metal  produced  by  the  amalgam  methods  is  inferior  in 
quality  to  titanium  obtained  by  the  magneslo-  and  sodlothermlc 
methods,  and  this  is  another  disadvantage  of  the  amalgam  proc¬ 
esses. 

Some  of  the  proposals  call  for  a  sodlothermlc  process  run 
at  temperatures  below  800°C.  As  we  noted  earlier,  the  reduction 
of  TlCljj  by  sodium  then  proceeds  with  formation  of  the  lower  chlo¬ 
rides;  the  crust  formed  on  the  surface  of  the  salt  inhibits  the 
process.  However,  crusting  can  be  prevented  by  formation  of  read¬ 
ily  fusible  melts  in  the  reactor  during  the  reduction  process, 
e.g.,  a  melt  of  sodium  and  potassium  chlorides  (HaCl:KCl  -  1:1) 
with  a  melting  point  of  665°C.  For  this  purpose,  it  is  recom¬ 
mended  that  the  appropriate  amount  of  potassium  chloride  be  in¬ 
jected  into  tho  reactor  or  that  the  process  be  run  with  an  alloy 
of  sodium  with  potassium  as  the  reducing  agent. 

Pootnotes  (14)  and  (15)  are  on  page  370. 
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Use  of  the  sodium-potassium  alloy  that  haa  a  eutectic  melt¬ 
ing  at  -12°C  at  22.7%  Ha  results  In  more  favorable  conditions. 
Ihese  two  metals  differ  Htfle  »s  regards  affinity  '.‘or  chlorine 
and  can  reduce  TiClj,  simultaneously;  the  resulting  melt  is  at 
equilibrium  with  an  alloy  of  definite  composition.  This  makes 
it  possible  to  select  a  low-melting  salt  mixture,  and  this  is 
what  determines  the  composition  of  the  alloy  for  reduction  of 
the  TiCljj .  However,  the  high  cost  of  potassium  prohibits  its  use 
in  an  alloy  with  sodium  for  reduction  of  TiClj,  if  metallic  potas¬ 
sium  is  used  to  prepare  this  alloy.  There  is  a  cheaper  method 
for  producing  the  sodium-potassium  alloy:  reduction  of  KC1  by 
sodium.  Since  potassium  has  a  somewhat  higher  affinity  for  chlo¬ 
rine  than  does  sodium,  the  melt  to  be  reduced  must  at  all  times 
have  a  large  KC1  excess  in  order  to  obtain  an  alloy  with  a  high 
enough  potassium  content.  Thus,  at  900#C,  the  alloy  containing 
16.11  K  and  83.91  Ma  is  at  equilibrium  with  a  fused  salt  mixture 
containing  61. 2%  KC1  and  only  38*8$  NaCl.  A  relatively  cheap 
alloy  can  also  be  produced  by  electrolysis  of  process  NaCl-KCl 
melt  formed  during  reduction. 

The  very  high  chemical  activity  of  potassium  makes  the  entire 
technological  process  much  more  difficult  and  requires  special 
measures  to  ensure  safety  of  the  operating  personnel.  In  addi¬ 
tion,  the  explosive  peroxide  JC2<>2  forms  when  potassium  oxidizes. 
Oxygen  present  in  the  potassium  during  reduction  transfers  to  the 
titanium,  to  the  sharp  detriment  of  its  quality.  All  of  this 
makes  the  method  rather  unpromising  for  Industrial  application 
at  the  present  time. 

The  reduction-process  temperature  can  be  lowered  by  using  a 
mixture  of  sodium  and  magnesium  as  the  reducing  agent,  bearing 
in  mind  that  the  eutectic  mixture  of  their  chlorides,  which  con¬ 
tains  60|  (molecular)  of  NaCl,  melts  at  *50#C  [250].  However, 
sodium  has  a  much  stronger  affinity  for  chlorine  than  does  mag¬ 
nesium.  Sodium  reduces  NgCl2  completely  at  temperatures  above 
800°C.  Thus,  if  the  TiCl^  is  reduced  with  a  mixture  of  sodium  and 
magnesium,  the  magnesium  may  completely  suppress  the  sodium  as  a 
reducing  agent ,  so  that  the  reduction  produces  HaCl  practically 


exclusively  instead  of  a  chlo.’ide  mixture  until  all  of  the  sodium 
has  been  used  up.  Thus,  the  first  stage  of  the  process  must  be 
run  above  800°C,  and  only  during  the  secord  stage,  when  all  of 
the  sodium  has  been  used  up  and  the  magnesium  has  begun  to  react, 
does  the  melting  point  of  the  salt  mixture  begin  a  gradual  de¬ 
cline.  In  addition  to  these  difficulties,  the  presence  of  NgCl2 
in  the  reaction  mass  endows  it  with  the  shortcomings  of  the  mag- 
nesiothermic  reaction  mass  and  greatly  complicates  its  refinement. 
All  of  the  above  tends  to  discourage  the  use  of  this  method. 
Nevertheless,  there  have  been  a  number  of  proposals  for  the  use 
of  the  method  for  the  design  of  equipment  for  continuous  reduction 
(see  Chapter  13). 


«  • 

• 

Heavy  patenting  of  various  improvements  to  the  sodlothermic 
reduction  of  titanium  has  continued  in  recent  years.  Thus,  in 
the  USA  and  Great  Britain  alone,  about  250  pntonts  on  this  sub¬ 
ject  were  awarded  in  1964-1966.  Most  of  these  patents  have  been 
concerned  with  the  production  of  higher-grade,  coarse-grained 
aetal  by  the  two-stage  process  and  the  development  of  equipment 
for  continuous  reduction. 
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I  Chapter  16 

f 

l 

l  THE  HYDR0METAU.UA6ICAL  PROCESS  FOR  REFINEMENT 

j  OF  THE  REACTION  MASS 

I 

|  Features  of  the  Hydrometallurglcal  Process 

* 

The  titanium  can  be  separated  from  the  reaction  mass  produced 
by  reduction  of  TiCl^  with  magnesium  or  sodium  by  either  of  two 
fundamentally  different  methods:  driving  the  chloride  and  the 
excess  of  the  metallic  reducing  agent  out  of  the  titnaium  at  tem¬ 
peratures  above  800° C  in  a  vacuum  or  leaching  the  soluble  com¬ 
ponents  of  the  reaction  mass  out  of  it  in  dilute  acid  solutions. 

The  first  of  these  methods  was  examined  above.  It  has  the 
following  basic  shortcomings: 

m)  the  process  is  intermittent,  relatively  unproductive,  com¬ 
plex,  and  expensive; 

b)  at  a  high  temperature  in  a  vacuum,  titanium  sinters  into 
a  dense  block  and  welds  to  the  reactor  walls;  this  makes  extrac¬ 
tion  and  subsequent  crushing  difficult; 

c)  at  high  temperatures  in  a  vacuum,  it  is  difficult  to  pre¬ 
vent  induction  of  air  into  the  reactor  and  contamination  of  the 
titanium  by  oxygen  and  nitrogen;  the  titanium  is  also  contaminated 
by  iron,  nickel,  chromium,  and  other  impurities  when  it  Interacts 
with  the  reactor  material  at  high  temperature; 
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d)  inclusion  of  the  vacuum-separation  process  in  the  reac¬ 
tion-mass-purification  flowchart  is  an  obstacle  to  higher  TiCl^ 
reduction  rates,  since  fast  delivery  of  TiCl^  into  the  reactor 
results  in  an  extremely  dense  block  of  titanium  sponge,  and  this 
greatly  complicates  distillation  of  the  chlorides  out  of  the  deep 
layers  of  the  block  in  vacuum  separation  and  produces  what  is 
known  as  underseparated  sponge. 

The  hydrometallurgical  process  does  not  have  these  drawbacks 
and  is  highly  productive  and  continuous;  the  equipment  required 
for  it  is  much  simpler. 

However,  this  method  also  has  major  shortcomings: 

a)  metallic  reducing  agent  is  lost  during  leaching  of  the 
reaction  mass; 

b)  oxidation  of  the  titanium  in  its  reaction  with  the  solu¬ 
tion  and  its  contamination  by  oxides  of  the  metallic  reducing 
agents  and  by  absorption  of  hydrogen  formed  in  the  reactions  of 
the  ^tallic  reducers  and  lower  titanium  chlorides  with  the  solu¬ 
tion  are  detrimental  to  the  quality  of  the  titanium; 

c)  if  a  magnesiothermic  reaction  mass  is  being  processed, 
some  of  the  magnesium  chloride  is  hydrolyzed  during  leaching  and 
the  hydrate  residues,  which  cannot  be  completely  eliminated  from 
the  titanium  sponge  by  leaching,  interact  with  the  titanium  during 
the  remelting  that  follows,  contaminating  it  with  oxygen  and 
hydrogen; 

d)  in  the  hydrometallurgical  process,  it  is  necessary  to 
evaporate  down  large  quantities  of  solutions  containing  magnesium 
or  sodium  chlorides  and  to  dehydrate  the  salts  obtained  after 
evaporation.  Dehydration  of  magnesium  chloride  is  a  complex, 
time-consuming,  and  expensive  process. 

As  we  know,  the  magnesiothermic  reaction  mass  was  processed 
hydrometallurgically  early  in  the  history  of  titanium  technology. 
Later,  because  of  the  above  shortcomings,  hydrometallurgy  was 
supplanted  in  a  nuatoer  of  cases  by  vacuum  separation,  and  the 
quality  of  the  metal  improved.  Nevertheless,  the  hydrometallurgi¬ 
cal  process  was  used  until  recently  to  refine  magnesiothermic 
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reaction  mass  at  one  of  the  largest  titanium  plants  in  the  USA, 
the  plant  at  Henderson  [92]. 

Under  industrial  conditions,  sodiothermic  reaction  mass  is 
processed  exclusively  by  the  hydrometallurgical  meth-u.  In  this 
case,  the  quality  of  the  metal  has  been  higher  than  that  of  metal 
refined  by  vacuum  separation. 
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In  selecting  the  process  for  reaction-mass  treatment,  there-  ^ 

fore,  it  is  necessary  to  devote  careful  and  discriminating  analy-  solves 

si's  and  evaluation  to  the  advantages  and  disadvantages  of  the  two  thc  su 

methods,  which  depend  on  a  number  of  factors.  tions. 

The  material  composition  of  the  reaction  mass  is  the  prime  Large 

determining  factor  in  the  refining  process.  Table  3*  gives  guide-  hydrog 

line  compositions  for  reaction  masses  produced  by  the  magnesio-  leased 

thermic  and  sodiothermic  methods  [106,  page  68;  288].  magnes 


The  chief  difference  between  the  magnesiothermic  and  sodio¬ 
thermic  reaction  masses  is  that  the  former  has  a  high  content  of 
magnesium  that  has  not  been  utilized  in  the  process  and  practic¬ 
ally  none  of  the  lower  titanium  chlorides.  In  addition,  the 
f1gCl2  content  of  the  reaction  mass  is  much  lower  khan  the  NaCl 
content  in  the  latter  case.  This  is  because  the  NaCl  is  not 
drained  during  reduction  in  the  sodlothenalc  process,  uhile  the 
MgCJljj  is  periodically  tapped  from  the  reactor  in  the  magnesio- 
thevmlc  method. 
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residues,  which  amount  to  0.1-1. OX,  are  for  the  most  part  dis¬ 
solved  in  NaCl,  although  some  sodium  is  occasionally  present  in 
the  form  of  fine  beads  in  the  reaction  zone.  Another  character¬ 
istic  is  the  presence  of  lower  titanium  chlorides,  which  are 
usually  dissolved  in  the  NaCl  and  endow  the  reaction  mas3  with 
various  shades  of  color  ranging  from  light  green  to  violet  and 
black. 

Magnesium  is  practically  insoluble  in  water,  although  it  dis¬ 
solves  well  in  acidified  water.  The  rate  of  solution  depends  on 
the  surface  area  presented  by  the  metal,  the  acidity  of  the  solu¬ 
tions,  the  salt  content  in  the  reactor,  and  solution  temperature. 
Large  amounts  of  heat  (110  keal  per  gram-atom  of  magnesium)  and 
hydrogen  (about  2.0  liters  per  gram-atom  of  magnesium)  are  re¬ 
leased  as  magnesium  dissolves  in  an  acidified  solution.  If  the 
magnesium  content  in  the  reaction  mass  is  high  and  the  solution 
volume  small,  the  solution  is  heated  to  boiling,  which  results  in 
vigorous  oxidation  and  hydrogenation  of  the  titanium.  To  avoid 
reactor  overheating,  it  is  necessary  to  increase  the  llquid:solld 
ratio  and  cool  the  solution. 

Sodium  reacts  violently  with  water  and  acidified  solutions. 
This  calls  for  precautionary  measures  in  leaching  out  sodiother- 
mic  reaction  mass.  The  reaction  of  sodium  with  water  releases 
57.6  kcal/g-atom  of  sodium,  but  only  half  the  amount  of  hydrogen 
literated  on  solution  of  magnesium.  The  solution  is  warmed  by 
only  a  few  degrees  during  leaching  of  sodiothermic  reaction  mass 
that  does  not  contain  free  sodium,  so  that  it  is  usually  unneces¬ 
sary  to  cool  the  solution. 

During  the  leaching  process,  the  lower  titanium  chlorides 
present  in  the  reaction  mass  react  with  neutral  and  especially 
with  alkaline  solutions  to  form  Insoluble  hydroxides  and  oxychlo¬ 
rides,  which  concentrate  on  the  surface  and  in  the  pores  of  the 
metal  and  contaminate  it  with  oxygen  on  subsequent  remelting. 

The  lower  titanium  chlorides  become  soluble  in  acidified 
aqueous  solution.  Precipitation  of  the  hydroxide  residues  out  of 
acidified  solutions  takes  a  very  long  time.  The  rate  of 
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precipitation  increases  rapidly  with  rising  temperature  [288]. 

To  prevent  hydrolysis  of  lower  titanium  chlorides  and  con- 
amination  of  the  metal  by  hydrolysis  products  during  leaching 
of  the  reaction  mass,  solution  acidity  and  temperature  must  be 
watched  carefully  during  the  process. 

Lower  titanium  chlorides  are  often  present  in  the  reaction 
nass  in  complex-salt  form.  These  salts  react  with  the  solution 
Just  like  the  individual  lower  chlorides,  but  the  reaction  is 
somewhat  slower. 


Behavior  of  Titanium  Powder  and  Sponge  In  the  Hydrometallurglcal 
Refining  Process 


One  of  the  most  important  factors  determining  the  rate  of 
the  process  and  the  reaction  of  the  titanium  with  the  solution, 
the  oxides,  and  the  gases  during  hydrometallurgical  treatment  of 
the  reaction  mass  is  the  specific'  surface  area  of  the  powder  or 
sponge . 

Titanium  powders  and  sponges  are  agglomerates  of  crystals 
ranging  in  size  from  fractions  of  a  millimeter  to  several  milli¬ 
meters.  The  structure  of  the  basic  mass  of  crystals  i3  dendritic. 
Crystal  size  depends  on  the  nature  of  the  reduction  reactions, 
the  reaction  rate,  temperature  and  pressure  in  the  reactor,  the 
distribution  of  the  crystals  in  the  reaction  mass,  and  other 
factors  that  are  difficult  to  take  into  account. 

Vacuum-3eparated  magnesiothermic  sponge  that  was  originally 
produced  in  a  reactor  from  which  the  MgCl2  was  tapped  is  much 
coarser  and  denser  than  sodiothermic  powder  produced  by  single- 
stage  reduction  and  hydrometallurgical  reaction-mass  treatment. 

Table  35  gives  granulometric  compositions  and  Table  36 
specific  surface  areas  for  magnesiothermic  sponge  and  sodiother¬ 
mic  powder  [106,  page  68j  229]. 

Specific  areas  were  determined  by  B.V.  Deryagin's  method  [290] 
for  the  fine  fractions, and  for  the  coarse  fractions  on  the  basis 
of  measurements  of  the  specific  surfaces  of  fine  fractions  taken 
from  the  same  consignment  and  comparison  of  the  rates  of  solution 
of  the  fine  and  coarse  fractions. 
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TABLE  36 

Specific  Surface  Areas  of  Titanium  Sponge  and  Powder 


Fraction, 


Specific  surface,  n  /g 


Magneaiotherwlc 


-M  +1 
-».«  +» 
-1.0  +0 
-0.03  -tO 
-0.0*40 
-0.*  +0 
-o.s 

-0,10  +0.10 

-0,10  +0.0SJ 


d  [290] 
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aken 
utlon 


As  we  see  from  Table  36,  titanium  sponge  and  powder  have  de¬ 
veloped  surfaces.  Although  the  specific  surface  areas  of  like 
fractions  of  magnesiothermic  sponge  and  sodiothermic  powder  differ 
only  slightly,  the  specific  surface  area  of  the  material  as  a 
whole  is  several  times  larger  in  the  case  of  the  sodiothermic 
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powder  because  the  yield  of  fine  fractions  from  that  powder  is 
several  tines  the  corresponding  yield  from  magnes i other mi c  sponge. 
This  explains  the  higher  activity  of  this  powder  in  reactions  and 
adsorption. 

It  has  been  established  by  V.A.  Aleksander  and  L.M.  Pidzhen 
[291]  that  titanium  is  oxidized  by  atmospheric  oxygen  even  at 
temperatures  above  256C.  It  has  been  reported  that  titanium  re¬ 
acts  with  water  only  at  temperatures  above  100° C  [291].  L.V. 
Biryukova  et  al.  [106,  page  68]  established  that  the  orygen  con¬ 
tent  of  the  titanium  is  about  0.025)1  when  the  reaction  mass  is 
leached  out  at  3<M0°C,  but  increases  to  0.10*  at  100°C,  0.151  at 
150® C,  and  0.20*  at  200° C.  Given  the  developed  surface  of  the 
titanium  sponge  or  powder,  this  increase  in  oxygen  content  ccrong- 
ly  influences  metal  quality.  For  this  reason,  hydrometallurgical 
treatment  of  the  reaction  mass,  and  especially  drying  of  the 
sponge,  must  be  carried  out  quickly  and  at  the  lowest  possible 
temperatures.  It  has  also  been  found  that  the  rate  and  degree  of 
oxidation  of  titanium  in  air  are  practically  the  same  as  for  oxi¬ 
dation  in  water. 

Hydrogen  is  liberated  during  hydrometallurgical  refinement 
of  reaction  massses  containing  magnesium,  sodium,  and  lower  ti¬ 
tanium  chlorides,  and  the  titanium  becomes  saturated  with  it. 

The  hydrogen  Is  no  great  obstacle  to  the  acquisition  of  high- 
grade  titanium,  since  it  is  eliminated  quite  completely  from 
the  metal  during  subsequent  high-temperature  vacuum  remelting. 
However,  hydrogen  saturation  of  the  titanium  complicates  melting 
in  vacuum  arc  furnaces  by  causing  the  metal  to  bump  and  spatter, 
with  the  result  that  the  melting  regime  is  unstable  and  large 
amounts  of  metal  are  lost.  In  some  cases,  it  is  necessary  to  re¬ 
melt  the  titanium  Ingots  a  second  time  to  eliminate  all  of  the 
hydrogen  from  the  titanium. 

Hydrogen  is  released  for  the  most  part  as  a  result  of  solu¬ 
tion  of  metallic  reducing  agent  that  has  not  been  utilized  in  the 
reduction  process.  As  we  noted  above,  there  are  particularly 
large  amounts  of  unutilized  reducer  in  magnesiothermic  reaction 
mass,  A  small  amount  of  hydrogen  is  released  when  TiCl2  reacts 
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with  the  solution  and  metallic  titanium  with  the  acid. 

The  hydrogen  content  in  the  metal  depends  on  the  contents  of 
magnesium,  sodium,  and  lower  titanium  chlorides  in  the  reaction 
mass,  the  acid  concentration  in  the  solution,  and  the  time  and 
temperature  of  leaching  and  drying.  Various  inhibitors  are  used 
to  protect  the  metal  from  hydrogen  contamination;  these  are  sur¬ 
factants  that  coat  the  surface  of  the  titanium  with  a  thin  film 
and  protect  It  not  only  from  hydrogenation,  but  also  from  oxida¬ 
tion  and  solution  in  the  acid.  Another  protection  method  consists 
in  binding  the  hydrogen  into  chemical  compounds  as  soon  as  it  is 
released.  Use  of  PeClj,  CUjCl,  KMnO^,  KgCr^,  NaNC>3,  oxalates, 
potassium  formate,  chlorine,  MnOg,  and  CuSOjj  is  recommended  for 
this  purpose.  PeClj  and  Cu2Cl  are  used  as  inhibitors  more  fre¬ 
quently  than  the  others  [106,  page  68;  245]. 

The  hydrogen  content  in  magnesiothenaic  sponge  leached  out 
without  inhibitors  runs  to  a  few  tenths  of  a  peroent,  or  several 
times  as  much  as  when  inhibitors  are  used.  The  metal's  hydrogen 
content  is  no  more  than  0.03-0*05*  when  sodiothermic  reaction 
mass,  which  contains  practically  no  metallic  sodium,  is  leached 
out.  Even  in  this  case,  however,  it  is  advisable  to  use  inhibi¬ 
tors  if  this  makes  it  possible  to  produce  titanium  with  lower 
oxygen  and  hydrogen  contents  and  reduce  the  losses  of  titanium 
dissolved  in  the  acid  bath.  Or.  the  other  hand,  in  introducing 
an  inhibitor,  it  is  necessary  to  make  certain  that  it  does  not 
contaminate  the  titanium  sponge  or  powder. 

It  is  known  that,  despite  the  high  chemical  stability  of 
compact  titanium,  titanium  sponge  and  powder  are  soluble  to  a 
certain  extent  even  in  dilute  (0. 5-1.0*)  hydrochloric  acid  solu¬ 
tions  because  of  their  large  specific  surface  areas.  As  a  re¬ 
sult,  some  loss  of  titanium  with  the  solutions  is  inevitable  in 
hydrometallurgical  treatment  of  the  reaction  mass. 

The  highest  rates  of  solution  of  the  metal  are  observed  when 
a  freshly  cleaned  titanium  surface  interacts  with  an  acid  solu¬ 
tion,  However,  if  the  cleaned  titanium  surface  is  exposed  to  air 
for  a  certain  time,  its  rate  of  solution  in  the  acid  drops  sharply, 
since  an  extremely  thin  film  of  acid-insoluble  oxides  forms  on 
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the  surface  of  the  metal.  Thus,  despite  the  large  specific  sur¬ 
face  areas  of  titanium  sponge  and  powder,  their  room-temperature 
solubilities  in  0.5-1 .OX  hydrochloric  acid  solutions  are  only 
about  0.5%' 

Titanium  sponge  and  powder  can  adsorb  salts  and  oxides.  This 
interferes  with  their  complete  elimination  from  the  metal.  As  a 
rule,  most  of  the  salt  is  removed  during  the  first  10-15  minutes 
of  leaching,  and  then  the  rate  of  salt  elimination  from  the  metal 
declines.  For  example,  the  NaCl  content  in  the  powder  may  be 
down  to  0.25-0. 50?  after  leaching  of  a  sodiothermlc  reaction  mass 
in  fresh  solution,  but  removal  of  the  salt  then  practically 
ceases. 

‘Hie  sizes  of  the  leached  particles,  porosity,  the  sizes  of 
the  pores,  and  their  arrangement  and  structure  are  of  great  im¬ 
portance  for  complete  removal  of  dissolved  impurities  from  titan¬ 
ium  sponge  and  powder.  Closed  pores  are  formed  during  crystal¬ 
lization  of  the  titanium  and  especially  during  mechanical  crushing 
of  the  sponge.  It  is  practically  impossible  to  remove  salts  and 
metallic  reducers  in  closed  pores  by  leaching. 

The  most  serious  shortcoming  of  the  hydrometallurgical 
method  applied  to  reaction  masses,  especially  those  of  sodiother- 
mic  origin,  is  oxygen  contamination  of  the  metal.  Oxygen  enters 
the  titanium  as  a  result  of  hydrolysis  of  lov/er  titanium  chlorides 
and  as  a  result  of  the  metal's  reactions  with  water  and  aoln  during 
leaching  and  drying.  As  we  noted  above,  leaching  in  0. 5-1.0? 
hydrochloric  acid  solution  prevents  the  formation  of  hydroxides 
in  the  solution  and  contamination  of  the  metal  by  these  hydrox¬ 
ides.  Here  it  must  be  remembered  that  the  concentration  of  the 
acid  in  the  solution  must  be  high  enough  to  prevent  hydrolysis  and 
precipitation  of  titanium  hydroxide  from  the  solution,  but  not  30 
high  as  to  dissolve  the  titanium  rapidly.  The  solution  must  not 
be  hot,  since  titanium  hydroxide  forms  much  more  rapidly  in  hot 
than  in  cold  solutions.  To  prevent  hydrolysis  of  the  lower  ti¬ 
tanium  chlorides,  the  reaction  mass  must  not  be  exposed  to  the 
open  air,  but  should  be  treated  with  the  acid  solution  as  quickly 
as  possible. 
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The  other  source  of  oxygen  contamination  in  titanium  —  its 
reaction  with  water  and  atmospheric  oxygen  —  can  also  be  con¬ 
trolled  rather  well.  Here  the  basic  problem  is  that  of  reducing 
the  metal's  reaction  surface  area.  As  we  know,  the  finest  par¬ 
ticles  present  the  largest  surface  areas.  Taking  advantage  of 
the  fact  that  fine-grained  titanium  is  easily  ground,  the  quality 
of  most  of  the  metal  can  be  improved  by  screening  the  fine  frac¬ 
tions  out  of  it.  This  involves  losses  of  the  metal,  but  these 
are  to  a  certain  degree  inevitable.  Another  approach  is  to  con¬ 
duct  the  reduction  process  under  conditions  that  favor 
formation  of  coarse-grained  titanium  sponge  and  powder. 

effects  of  high  temperature  and  process  time  during 
leaching  and  drying  on  the  content  of  oxygen  in  the  titanium  can 
be  minimized.  For  this  purpose,  leaching  should  be  done  in  cold 
solutions,  and  the  material  should  be  dried  quickly  and  at  the 
lowest  possible  temperatures.  The  current  drying  formula  is  1-2 
hours  at  100-110°C. 

It  has  been  established  that  with  an  average  titanium-sponge 
specific  surface  area  of  1000-2000  cm2/g  [328]  and  a  properly  or¬ 
ganized  hydrometallurgical  process,  oxygen  contamination  of  the 
sponge  during  leaching  amounts  to  a  few  hundredths  of  a  percent. 

Use  of  nonaqueous  solvents  for  leaching  the  reaction  mass  is 
attractive.  One  such  solvent  is  methyl  alcohol.  However,  HaCl 
has  a  very  low  solubility  in  this  alcohol  (0.15*),  and  this  is  an 
obstacle  to  its  practical  use.  Attempts  have  been  made  to  leach 
with  liquid  ammonia.  1  At  30°C,  19.7*  Na  and  H*  NaCl  dissolve  in 
100  parts  (by  mass)  of  ammonia.  Since  the  solubility  of  HaCl  is 
comparatively  low,  leaching  requires  a  large  amount  of  ammonia 
and  several  stages,  which  makes  it  uneconomical.  In  addition, 
sodium  and  the  lower  chlorides  react  with  NH^  at  higher  tempera¬ 
tures,  forming  ammonia-insoluble  compounds.  These  compounds  re¬ 
main  in  the  titanium  powder  and  contaminate  the  metal  with  nitro¬ 
gen  when  it  is  melted,  to  the  great  detriment  of  its  mechanical 
properties . 

Footnote  (1)  is  on  page  392. 

FTD-HC-2 3-352-69 


380 


« 


Refinement  of  Magnesiothermic  Reaction  Hass 

As  we  noted  earlier,  two  fundamental  difficulties  are  en¬ 
countered  in  this  refining  method:  the  high  content  of  unutil¬ 
ized  magnesium  in  the  reaction  mass  and  the  ability  of  the  lower 
crystal  hydrites  of  magnesium  chloride  to  hydrolyze  during  de¬ 
hydration  to  form  MgO,  which  is  insoluble  in  dilute  hydrochloric 
acid  solution  and  other  acids. 

The  high  magnesium  content  in  the  reaction  mass  results  in 
the  evolution  of  large  amounts  of  heat  and  hydrogen  during  leach¬ 
ing.  This  results  in  losses  and  hydrogenation  of  titanium.  In 
addition,  solution  of  the  magnesium  Involves  substantial  losses 
of  metal  and  uses  a  large  amount  of  acid.  The  high  rate  of  acid 
consumption  requires  continuous  replenishment  of  the  leaching 
solution,  since  reduced  acidity  results  in  the  formation  of  ti¬ 
tanium  hydroxide  in  the  solution,  and  this,  as  we  noted  earlier, 
causes  contamination  of  the  titanium  with  oxygen  and  sharply 
lowers  the  quality  of  the  metal. 

In  leaching  magnesiothermic  reaction  mass,  it  is  first  neces¬ 
sary  to  take  all  measures  to  prevent  overheating  of  the  solution. 
It  is  not  advisable  to  lower  the  temperature  of  the  solution  by 
increasing  its  volume,  since  this  requires  equipment  with  very 
large  capacity  and  a  large  amount  of  process  solution.  Moreover, 
it  is  inpossible  to  avoid  local  overheating  at  the  reaction-mass- 
solution  interface  during  leaching.  Warming  of  the  solution  and 
local  overheating  can  be  prevented  by  lowering  the  leaching  rate 
sharply  with  simultaneous  cooling  and  vigorous  agitation  of  the 
solution,  but  this  entails  a  decrease  in  equipment  productivity 
and  makes  the  equipment  more  expensive.  It  is  not  now  possible  to 
prevent  oxidation  of  the  titanium  by  introducing  inhibitors  into 
the  solution,  simply  because  inhibitors  of  adequate  effectiveness 
that  do  not  contaminate  the  titanium  are  not  available. 

Leaching  of  magnesiothermic  reaction  mass  involves  the  trans¬ 
fer  of  large  amounts  of  magnesium  chloride  and  magnesium  into  the 
solution.  Subsequent  evaporation  of  the  brine  and  dehydration  of 
the  magnesium  chloride  in  particular  are  very  difficult  and  ex¬ 
pensive  processes. 
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As  we  know,  the  crystal  hydrates  of  magnesium  chloride  con¬ 
tain  from  one  to  12  water  molecules  in  different  temperature 
ranges  [292].  Thus,  the  crystal  hydrate  with  8  water  molecules 
is  stable  up  to  -3.4°C,  the  hydrate  with  6  molecules  up  to  117°C, 
the  hydrate  with  4  molecules  to  182°C,  and  the  hydrate  with  2 
molecules  of  water  up  to  240°C.  Thus,  even  at  high  temperatures 
magnesium  chloride  contains  substantial  amounts  of  water.  To 
accelerate  dehydration  of  these  crystal  hydrates,  it  is  necessary 
to  secure  the  largest  possible  difference  between  the  equilibrium 
water-vapor  pressure  above  the  hydrate  and  the  partial  pressure 
of  the  vapor  in  the  surrounding  atmosphere.  This  can  be  done  by 
heating  the  hydrate  to  a  temperature  near  the  critical  point. 

Then,  however,  it  must  be  remembered  that  magnesium  chloride 
crystal  hydrates  are  capable  of  melting  incongruently  in  their 
own  water  of  crystallization,  followed  by  thickening,  which  makes 
dehydration  extremely  difficult.  In  practice,  therefore,  they 
are  dehydrated  at  temperatures  below  the  critical  points. 

Hydrated  MgClj  dehydrates  without  appreciable  decomposition 
only  when  it  contains  2  water  molecules.  At  l82°C,  MgClg'SHgO  be¬ 
gins  to  decompose  hydrolytically,  with  evolution  of  hydrogen  chlo¬ 
ride. 

In  the  304-554°C  range,  the  hydrate  decomposes  in  accordance 
with  the  reaction 

McO,  +  Hp^MgOHO  +  HO.  (16) 

and  at  temperatures  above  554°C  by  the  reaction 

M*a,  +  »V>^MgO  +  SMa.  U7) 

To  prevent  hydrolysis,  it  is  necessary  that  the  ratio  of  the 
partial  pressure  of  HC1  to  that  of  the  water  in  the  gaseous  phase 
above  the  magnesium  chloride  crystal  hydrate  be  larger  than  the 
equilibrium  constant  of  the  reaction  at  the  particular  tempera¬ 
ture.  For  this  purpose,  dry  hydrogen  chloride,  which  must  be  syn¬ 
thesized  in  a  special  reactor,  is  fed  into  the  drying  unit.  All 
of  these  measures  greatly  complicate  the  dehydration  process  and 
increase  its  cost. 
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In  spite  of  all  this,  however,  the  hydrometallurglcal  process 
for  leaching  magnesiothermic  reaction  mass  is  sometimes  used  under 
industrial  conditions  owing  to  its  high  productivity,  simplicity, 
reliability,  and  low  equipment  outlay  [299,  301].  For  example, 
the  American  firm  'PMC A  leaches  magnesiothermlc  reaction  mass  with 
a  tubular  leacher  made  of  titanium;  it  is  about  2.5  m  in  diameter 
and  20  m  long  [301]. 

TABLE  37 

Quality  of  Magnesiothermic  Sponge  Obtained  After  Vacuum 
Separation  and  hydrometallurglcal  Processing  of  Reaction  Mass 


M*gn#*ioth«r»ic 

•pong*1 

1  Chemical  composition,  X  not  above 

nation 

H 

C 

a 

i* 

Tf. 

Me 

MS 

Leached 

Separated 

ML  130 
MS  130 

0,03 

0,03 

0.038 

»,«8 

O.i* 

0.13 

0,10 

0.1S 

0.04  jo, Cl 
o.MU.ooe 

0.04 

0,00 

0.4 

0,01 

1HB  -  120. 

Technologies  for  the  hydrometallurglcal  processing  of  mag- 
nesiotherraic  reaction  mass  are  still  being  developed.  As  the 
magnesiothermic  reduction  is  inproved,  the  degree  of  magnesium 
utilization  in  the  reactor  will  increase  and,  consequently,  its 
content  in  the  reaction  mass  will  be  lowered.  This  may  substan¬ 
tially  simplify  the  hydrometallurglcal  process  applied  to  the 
reaction  mass  and  make  it  possible  to  produce  high-grade  titan¬ 
ium. 

Substantial  interest  attaches  to  indu3trial-scale  experiments 
with  the  so-called  combined  method  of  reaction-mass  processing. 

As  we  know,  the  greater  part  of  the  magnesium  chloride  and 
practically  all  of  the  magnesium  are  distilled  out  of  the  reac¬ 
tion  mass  during  the  first  few  hours  of  the  process  in  vacuum 
separation.  It  takes  about  701  of  the  separation  time  to  reduce 
the  magnesium  chloride  content  from  2-5  to  0. 02-0. 12 J.  Thus,  on 
completion  of  the  first  stage  of  vacuum  separation,  the  reactor 
can  be  cooled  and  the  reaction  mass  extracted  from  it  at  a  2-5* 
MgClj,  content  and  subjected  to  hydrometallurglcal  treatment.  At 
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this  point,  the  reaction  mass  contains  practically  no  metallic 
magnesium,  and  its  magnesium  chloride  content  does  not  exceed 
2-15?-  Thus,  the  losses  of  metal  can  be  cut  sharply,  evolution 
of  hydrogen  in  the  leaching  process  can  be  reduced,  and  the  mag¬ 
nesium  chloride  content  in  the  solution,  which  must  be  evaporated 
down  and  dehydrated  afterward,  can  be  lowered.  This  reaction 
mass  can  be  leached  in  If  hydrochloric  acid  solution  at  a  solid: 
liquid  ratio  of  1:10,  a  process  that  warms  the  solution  by  only  a 
few  degrees.  Experiments  in  this  direction  are  continuing. 

As  a  basis  for  quality  comparisons  between  magnesiothermic 
titanium  produced  by  vacuum  separation  and  metal  produced  hydro- 
metallurgically.  Table  3?  presents  American  technical  specifica¬ 
tions  for  these  two  types  of  titanium  sponge  [293]. 

Our  attention  is  drawn  to  the  higher  contents  of  chlorine, 
hydrogen,  and  magnesium  in  sponge  produced  by  leaching  the  reac¬ 
tion  mass,  and  its  lower  iron  content.  This  is  consistent  with 
the  causes  and  sources  of  titanium  contamination  in  the  hydromet- 
allurgical  process  and  the  peculiarities  of  the  process  as  we 
have  examined  them.  Unfortunately,  comparable  data  on  the  oxygen 
contents  In  types  ML120  and  MS120  titanium  are  not  available. 

Processing  of  Sodlothermle  Reaction  Mass 

On  the  basis  of  the  aspects  of  the  hydrometallurgical  proc¬ 
ess  that  we  discussed  above,  and  with  consideration  of  the  chemi¬ 
cal  composition  of  sodiothermic  reaction  mass,  the  following 
technology  may  be  used  to  process  it. 

On  extraction  from  the  retort,  the  reaction  mass  is  quickly 
treated  with  dilute  acid  solution  to  prevent  hydrolysis  of  the 
lower  titanium  chlorides.  It  is  then  crushed  to  3~10  mm.  Leach¬ 
ing  is  carried  out  in  an  open-type  apparatus  with  protective 
louvers  and  efficient  exhausting  of  the  gases  released.  Leaching 
is  usually  a  two-stage  process.  During  the  first  stage,  a  If 
solution  of  hydrochloric  acid  is  used  at  a  solid: liquid  ratio  of 
1:  J»  for  quick  and  complete  binding  of  the  metallic  sodium,  while 
the  second  3tage  uses  a  0.5f  solution  at  the  same  solid:liquid 
ratio.  It  is  preferable  to  work  with  S:L  -  1:10,  but  this 


;  'quires  evaporating  down  a  large  amount  of  solution,  and  this  separ 

i.i  uneconomical.  Ihe  solution  is  agitated  during  leaching  and 

t.’ie  temperature  in  the  tank  is  held  at  the  20-30° C  level.  The  millii 

f.rst  leaching  takes  from  30  minutes  to  1  hour,  and  the  second  / 

from  1  to  2  hours.  After  leaching,  the  powder  is  thoroughly  throuj 

washed  with  distilled  water  to  rinse  out  as  much  of  the  salts  as  the  fi 

possible.  The  powder  can  be  dried  in  a  vacuum  or  in  a  current  of  ing,  z 

hot  air  at  100-110° C.  mill. 

Let  us  examine  the  technology  used  by  the  firm  Electrometal¬ 


lurgical  (Ashtabula  plant,  USA)  for  reaction-mass  processing  [2^5, 

2-}]. 

The  reactor  is  opened  after  cooling  to  the  ambient  tempera- 
ture.  Precautionary  measures  must  be  observed  here,  since  there 
i .=  a  possibility  of  deflagration  of  sodium  and  finely  dispersed 
ti'anium  that  have  settled  on  the  walls,  shield,  and  cover  of  the 
n  .ctor. 

Then  the  reactor,  which  is  75-80*  filled  with  reaction  mass, 
consisting  of  17*  Ti  and  83*  NaCl,  is  set  up  on  a  turntable  for 
e .-Taction  of  the  reaction  mass.  The  mass  is  removed  from  the 
re  .itor  by  cutting  it  oat  on  a  machine  fitted  with  a  special 
milling  cutter  in  an  air  atmosphere  (see  Fig.  **5). 

As  we  noted  earlier,  sodiothermic  reduction  produces  titan- 
iur  in  the  form  of  fine  particles  distributed  through  a  large 
vc lime  of  sodium  chloride.  For  this  reason,  the  titanium  powder 
tha-  forms  is  not  as  tough  as  magnesicthermic  sponge,  welds  to 
t.T  retort  walls,  and  can  therefore  be  removed  from  the  reactor 
comparatively  easily  by  machine  cutting  of  tha  reaction  mass. 

Sir.  e  the  titanium  is  dispersed  through  a  large  volume  of  sodium 
chi  Tide,  She  probability  and  degree  of  its  oxidation  in  the  cut- 


tin.  process  do  not  present  the  same  hazard  as  in  t  he  magnesio-  diamete: 
thermic  process,  and  no  special  measures  are  required  to  prevent  (n  6 
oxi  atlon  of  the  titanium  powucr  during  this  operation.  ^  J#at| 

After  cutting  out,  the  reaction  mass  is  loaded  into  special  sodium-t 
twc  ton-capacity  sealed  bins,  which  are  mounted  on  dollies.  Be-  are  loW( 
for-  leaching,  the  reaction  mass  is  passed  through  a  magnetic  reacts  » 
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separator  to  remove  metal  chips  that  may  have  entered  it  while 
the  reaction  mass  was  being  cut  out,  as  a  result  of  accidental 
milling  of  metal  from  the  reactor  walls. 

After  magnetic  separation,  the  reaction  mass  is  passed 
through  a  sifter  with  holes  10  mm  in  diameter.  After  sifting, 
the  fraction  finer  than  10  mm  is  loaded  into  a  reactor  for  leach¬ 
ing,  and  the  fraction  larger  than  10  mm  is  crushed  on  a  hammer 
mill,  separated  magnetically,  sifted,  and  then  sent  for  leaching. 

Graphic  Kot  Reproducible 


■  v 


Figure  63.  Reaction-mass  leacher. 

The  reaction  mass  is  leached  in  6  reactors  about  3  meters  in 
diameter  and  3.5  meters  high,  with  rubberized  walls  and  agitators 
(*>lg.  63).  A  single  reactor  load  of  reaction  mass  weighs  2  tons. 
The  material  is  loaded  with  a  certain  amount  of  caution,  since 
sodium-bead  inclusions  are  encountered  in  the  reaction  mass,  as 
are  lower  titanium  chlorides.  The  hydrogen  evolved  as  the  sodium 
reacts  with  the  solution  is  suctioned  continuously  out  of  the 
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reactor.  Leaching  takes  about  30  minutes  in  a  0.5~1<  hydrochloric 
acid  solution.  Then,  to  separate  the  solution,  the  pulp  from  the 
reactor  is  loaded  into  a  centrifuge  1.5  meters  in  diameter,  which 
turns  at  500  rev/min  (Pig.  6D).  A  synthetic  fabric  is  used  as  the 
filtering  material  in  the  centrifuge.  Centrifuging  takes  about 
20  minutes  and  is  followed  by  thorough  washing  of  the  titanium 
powder  with  distilled  or  filtered  water  right  in  the  centrifuge. 


Figure  64.  Centrifuge. 


From  the  centrifuge,  the  washed  titanium  powder  is  3ent  for 
drying  in  a  horizontal  vacuum-drying  furnace  3  meters  long  and 
1.5  meters  in  diameter.  Drying  is  carried  out  at  80-100°C  and  a 
residual  pressure  of  50  mm  Hg  with  agitation,  which  is  effected 
with  a  hollow  sjiaft  fitted  with  rakes.  During  drying  of  the 
powder,  which  takes  2  hours,  steam  is  fed  into  the  agitator  shaft 
and  the  drier  Jacket;  when  drying  is  complete,  water  is  sent 
through  to  cool  the  titanium  powder.  Before  unloading,  the  drier 
is  filled  with  an  inert  ga3  to  protect  the  powder  from  oxidation 
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during  the  removal  operation.  The  dried  powder  is  thoroughly 
stirred  to  average  its  composition  and  then  made  up  into  con¬ 
signments  weighing  up  to  6  tons.  The  section  in  which  the  opera¬ 
tions  of  screening,  stirring,  and  packaging  of  the  titanium 
powder  are  carried  out  is  provided  with  strong  ventilation  and 
dust  traps. 

The  centrifuged  sodium  chloride  solution  is  returned  to  a 
nearby  sodium  plant,  where  it  is  evaporated  down,  dried,  and 
sent  for  electrolysis.  The  same  solution  is  discarded  at  the 
3ritish  Wilton  plant  [296]. 

In  principle,  sodiothermie  reaction  mass  can  be  vacuum- 
separated  in  the  same  way  as  magneslothermlc  material,  since  the 
vapor  pressures  of  sodium  chloride  and  metallic  sodium  are  quite 
high  at  950-1000°C.  However,  the  hydrometallurgical  treatment  is 
simpler,  more  productive,  and  cheaper.  Moreover,  the  titanium 
sinters  into  a  solid  block  during  vacuum  separation, and  It  is  dif¬ 
ficult  to  remove  it  from  the  reactor. 

Structure  ard  Quality  of  Sodiothermie  Powder 

The  titanium  powder  produced  by  sodiothermie  reduction  dif¬ 
fers  greatly  in  structure  and  particle  size  from  titanium  sponge 
produced  by  the  magnesiothermic  method. 

TAB1E  38 

Mechanical  Properties  of  Sodiothermie  Titanium 
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Hardness, 

Ultimata  2 

KB 

atrangth,kgf/am 

lit 

110 
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Not  above  42 

About  49 

110 

»  10 

Unlike  magnesiothermic  sponge,  which  comes  in  a  large  spongy 
mass,  sodiothermie  powder  has  grain  sizes  ranging  from  1.6  to  0.12 
ram,  and  the  particles  of  sodiothermie  titanium  are  acicular. 


FTD-HC-2 3- 352-69 


j 


^gSKPsmmM’i 


; 


X 


Table  35  gives  the  granulometric  compositions  of  sodiother- 
mlc  powders  producted  by  Electrometallurgical  at  Ashtabula,  USA. 

Table  32  listed  American  technical  specifications  as  to  the 

mechanical  properties  and  chemical  composition  of  titanium  pro- 

(2) 

duced  by  various  methods.  As  we  see  from  this  table,  the  per¬ 
missible  chlorine  content  in  sodiothermlc  titanium  of  the  highest 
grade  is  2.5  times  that  for  the  magnesiothermic  product.  As  we 
explained  above,  this  is  because  the  chlorine  is  for  the  most 
part  bound  here  into  NaCl,  which,  unlike  MgClg,  does  not  hydro- 
lyre  during  dehydration.  The  higher  chlorine  content  in  3odio- 
thermic  titanium  does  not  appear  to  complicate  remeltlng  in  vacuum- 
arc  furnaces  to  any  appreciable  degree.  A  rather  high  hydrogen 
content,  0.0125$,  is  permitted  in  sodiothermlc  titanium,  while 
only  0.005$  is  accepted  in  separated  magnesiothermic  sponge.  The 
permissible  iron  content  in  sodiothermlc  titanium  is  25$  lower 
than  that  in  the  magnesiothermic  metal.  When  the  ’atter  is  pro¬ 
duced  by  leaching  reaction  mass,  the  permissible-hyarogen  content 
is  almost  2.5  times  that  for  the  sodiothermlc  metal.  This  is  be¬ 
cause  of  the  intensive  hydrogenation  of  the  titanium  during  leach¬ 
ing  of  reaction  mass  that  contains  large  quantities  of  magnesium 
that  has  not  reacted  in  the  reduction  process. 

The  sodiothermlc  titanium  actually  produced  by  the  Electrome¬ 
tallurgical  firm  contains  0.01-0.151  0g»  0.01-0.7$  C,  0.001-0,025  fig, 
0.005-0.019$  Hg,  and  the  better  specimens  have  hardnesses  from 
110  to  130  HB  [300]. 

Table  38  gives  the  requirements  of  the  British  standard  for 
leached  sodiothermlc  titanium  [245]. 

tn»e  average  hardness  of  British  sodiothermlc  powder  is  110 
HB.^  It  has  been  reported  that  sodiothermlc  titanium  with  better 
plasticity  than  the  magneclothermic  metal  can  be  produced  under 
industrial  conditions  [245]. 

It  has  been  established  that  if  sodiothermlc  powder  is 
smelted  in  a  hard  vacuum  (about  60  pm),  the  amount  of  oxygen  in 
the  ingot  does  not  change  from  its  content  in  the  powder,  while 
the  amount  of  hydrogen  Is  reduced  to  0.003$}  in  a  relatively  soft 
Footnotes  (2)  and  (3)  are  on  page  392. 
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vacuum  (300-400  um),  ingot  oxygen  content  rose  to  0 . 15J6  >  whil* 
the  hydrogen  content  remained  practically  unchanged.  Smelting 
of  sodiothermic  powder  differs  from  smelting  of  magnesiothermie 
sponge  in  that  it  evolves  much  larger  amounts  of  gas,  and  this 
complicates  the  process,  requiring  provision  of  a  more  powerful 
vacuum  system  and  additional  precautionary  measures. 
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Chapter  17 

CONTINUOUS  TITANIUM  PRODUCTION  PROCESSES 
General  Information 

The  existing  batchwise  processes  for  the  reduction  of  ti¬ 
tanium  and  purification  of  the  reaction  mass  cannot  be  regarded 
as  rational  for  large-scale  titanium  production,  since  these  con¬ 
ditions  make  it  difficult  to  build  large  industrial  plants  equip¬ 
ped  with  small  numbers  of  highly  productive  units  and  capable  of 
producing  the  metal  cheaply  enough. 

The  basic  source  of  the  difficulties  encountered  in  design¬ 
ing  a  continuous  titanium  production  process  is  the  fact  that  the 
reaction  in  which  titanium  tetrachloride  is  reduced  by  magnesium 
or  sodium  produces  titanium  particles  that  sinter  together  at 
elevated  temperatures  to  form  titanium  sponge,  which  adheres 
tightly  to  the  walls  of  the  reactor  (or  shell  insert)  a..d  is 
therefore  impossible  to  remove  from  the  apparatus  without  inter¬ 
rupting  the  technological  process. 

To  devise  a  continuous  titanium  production  process,  it  will 
be  necessary  to  provide  for  charging  the  reactor  with  the  start¬ 
ing  materials  and  removal  of  the  reduction  products  from  it  with¬ 
out  stopping  the  process  or  at  least  without  opening  up  the  ap¬ 
paratus. 
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A  continuous  reduction  process  should  give  a  substantial 
equipment-productivity  increase  over  the  existing  batchwise  proc¬ 
esses.  The  reduction  products  should  also  be  refined  to  tltaniuir. 
in  continuous  or  highly  productive  intermittent  equipment. 

The  titanium  particles  formed  in  the  continuous  process 
should  be  quite  coarse  to  ensure  high  quality  in  the  metal;  it 
will  otherwise  be  necessary  to  devote  one  of  the  stages  to  en¬ 
largement  of  the  metal  particles. 

On  the  basis  of  technical-economy  considerations,  it  will 
probably  be  expedient  to  use  one  of  two  metallic  reducing  agents 
in  a  continuous  metallothermic  process:  sodium  or  magnesium. 

A  comparative  evaluation  of  the  two  reducers  Indicates  that 
from  the  standpoint  of  use  in  the  design  of  a  continuous  reduc¬ 
tion  process,  each  of  them  has  its  advantages  and  disadvantages. 

Thus,  the  advantages  of  sodium  are  its  low  melting  point 
(98°C),  which  makes  it  easier  to  pipe  and  deliver  to  the  reactor 
in  liquid  form;  its  inertia  with  respect  to  the  structural  mate¬ 
rials  with  which  it  comes  into  contact,  and  plain  and  stainless 
steels  in  particular;  the  rapidity  of  the  reduction  reaction;  the 
high  (practically  100J{)  utilization  of  sodium  in  the  process;  in¬ 
significant  adhesion  of  the  reaction  mass  to  the  reactor  wall; 
the  possibility  of  extracting  the  titanium  from  the  reduction 
products  by  leaching,  i.e.,  by  a  comparatively  simple,  cheap,  and 
highly  productive  operation. 

A  deficiency  of  sodium  as  a  continuous-process  reducing 
agent  is  that  it  has  a  high  vapor  pressure  at  the  temperatures 
used  in  the  process,  and  this  promotes  the  development  of  unde¬ 
sirable  gaseous-phase  reduction  reactions.  Moreover,  the  reaction 
in  which  titanium  tetrachloride  is  reduced  by  sodium  is  accom¬ 
panied  by  a  large  heat  effect,  which  may  make  it  difficult  to 
withdraw  the  excess  heat  and,  consequently,  lower  process  produc¬ 
tivity  [307]. 

Magnesium  has  a  number  of  disadvantages  when  compared  with 
sodium  from  the  standpoint  of  continuous  reduction  process  design: 
a  higher  melting  point  (651°C),  reactions  with  stainless  steel, 
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and  a  density  in  the  liquid  state  that  approaches  that  of  mag¬ 
nesium  chloride,  so  that  they  are  difficult  to  separate  into 
layers.  However,  magnesium  also  has  attractive  properties:  z 
relatively  low  vapor  pressure  at  the  reduction  temperatures  and 
a  substantially  smaller  reaction  heat  effect. 

Thus,  both  magnesium  and  sodium  are  of  practical  interest 
for  the  elaboration  of  a  continuous  process.  The  many  variants 
that  have  been  proposed  for  continuous  metallothermic  titanium 
production  indicate  that  it  is  being  worked  on  in  earnest.  Since 
it  is  not  yet  clear  which  of  the  many  possible  avenues  will  be 
taken  by  the  development  of  the  continuous  metallothermic  process, 
it  will  be  in  order  to  discuss  the  proposed  principals,  including 
some  that  may  not  appear  promising  at  the  present  time. 

Much  attention  will  be  devoted  to  the  patent  literature  along 
with  published  papers  on  the  problem,  which  are  few  in  number. 

The  material  will  be  organised  by  processes  Instead  of  by  metal¬ 
lic  reducing  agents,  since  the  patents  usually  cite  all  or  almost 
all  of  the  alkali  and  alkaline-earth  metals  as  reducing  agents. 

Early  Work  on  Continuous-Process  Development 

The  early  —  relatively  speaking  —  papers  devoted  to  find¬ 
ing  a  continuous  metallothermic  method  for  titanium  production 
heve  two  distinctive  features.  Out  of  inexperience  and  lack  of 
awareness  of  the  difficulties  that  would  arise,  attenpts  were 
made  to  arrive  at  a  continuous  process  by  carrying  out  all  of 
the  production  stages  in  a  single  complicated  unit:  reduction  of 
the  titanium  from  TiCl^,  separation  of  the  titanium  from  the  ex¬ 
cess  reducing  agent  and  chloride,  and  even  smelting  of  the  titan¬ 
ium  ingots.  A  second  feature  of  these  proposals  was  their  igno¬ 
rance  of  various  aspects  of  the  process  that  would  preclude  prac¬ 
tical  workability,  primarily  underrating  of  the  ability  of  titan¬ 
ium  to  weld  to  the  inner  surface  of  the  apparatus. 

One  version  of  an  installation  for  continuous  production  of 
titanium,  which  was  proposed  in  1950,  and  combines  all  of  the 
above  processes  [302],  appears  in  Pig.  65. 
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Figure  65.  General  fora  of  experimental 
apparatus  for  continuous  production  of 
titanium  ingots  from  titanium  tetrachlo¬ 
ride  and  magnesium.  1)  Furnace  for  melting 
magnesium;  2)  pump  compressed-air  motor; 

3)  air;  4)  centrifugal  pump;  5)  heated 
pipeline;  6)  valves  for  magnesium;  7)  elec¬ 
trical  level  regulator;  8)  magnesium  (760°C); 

9)  titanium  ingot;  10)  TiCl^  pressure 

gauge;  11)  to  exhaust  stack;  12)  safety 
valve  for  TiCljj,  operated  off  pressure 

gauge;  13)  needle  valves;  14)  pump  for 
TiCljj;  15)  TiCljj  delivery  controller,  oper¬ 
ated  off  pressure  gauge;  16)  salt  bath;  17) 
cock;  18)  water-cooled  tungsten  electrode; 

19)  packing;  20)  contact  and  extractor  rolls. 

The  reduction  unit  consists  of  two  basic  parts:  a  device  for 
constant-rate  (0.23-0.67  kg/min)  delivery  of  molten  magnesium  and 
a  device  for  injection  of  liquid  titanium  tetrachloride.  The 
TiCljj  flowrate  i3  automatically  controlled  to  keep  its  vapor  pres¬ 
sure  in  the  50-l60-ram  Hg  range.  Reduction  is  carried  out  in  an 
inert-ga3  (argon)  atmosphere.  To  prevent  the  formation  of  lower 
titanium  chlorides,  the  temperature  is  held  in  the  730-870°C  range 
throughout  the  reaction  chamber  by  a  circulating  salt  bath  that 
simultaneously  cools  hot  areas  and  warms  cool  ones. 
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In  attempting  to  put  the  laboratory  installation  to  work, 
its  authors  came  up  against  considerable  experimental  diffi¬ 
culty,  which  made  it  impossible  to  keep  the  entire  unit  or  even 
its  individual  components  working  smoothly  for  any  length  of  time. 
The  apparatus  did  not  work  long  enough  at  a  time  to  answer  the 
question  as  to  whether  obstruction  of  the  holes  for  admission  of 
the  reactants  or  welding  of  the  titanium  to  the  walls  of  the 
reaction  chamber  could  be  eliminated  during  regu?  r  operation. 

With  the  object  of  overcoming  the  difficulties  associated 
with  transport  of  the  reduction  products  from  the  reduction  cham¬ 
ber  to  the  arc  furnace,  another  proposal  for  continuous  titanium 
production  equipment^1  calls  for  a  different  method  of  extracting 
the  reduction  products  from  the  reactor.  In  this  method,  the 
sponge  is  extracted  from  the  base  of  the  reactor  with  one  or  an¬ 
other  type  of  mechanical  appliance  and  transferred,  still  hot  (at 
a  temperature  above  the  melting  point  of  magnesium  chloride)  and 
without  exposure  to  air  to  a  bin  from  which  the  3till  uncooled 
sponge  is  delivered  into  an  arc  furnace  for  melting. 


Figure  66.  Diagram  of  apparatus  for  production 
of  titanium  in  a  fused  salt  bath.  1)  Bath;  2) 
graphite  crucible;  3)  metallic  magnesium  par¬ 
ticles. 


Footnote  (1)  is  on  page  W5. 
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Figure  67.  Diagram  of  installation  for  con¬ 
tinuous  titanium  production. 


According  to  a  patent  description,^  titanium  tetrachloride 
is  reduced  by  magnesium  in  an  inert-gus  atmosphere  in  a  graphite 
crucible  under  a  bell  the  bottom  of  which  is  immersed  into  a 
fused  salt  bath  (Fig.  66).  When  the  crucible  is  full  of  titanium 
sponge,  it  is  dumped;  the  sponge  is  to  drop  to  the  bottom  of  the 
bath,  from  which  it  can  be  extracted  without  stopping  the  process. 

According  to  another  patent, ^  the  process  is  to  be  carried 
out  in  an  ordinary  reactor,  which  is  connected  to  two  receivers 
to  facilitate  continuous  operation  (Fig.  67).  It  is  proposed 
that  the  titanium  particles,  which  are  heavier  than  magnesium 
chloride,  will  drop  to  the  floor  of  reactor  1.  The  reaction  pro¬ 
ducts  are  drained  as  necessax'y  into  alternating  receivers  2,  which 
Footnotes  (2)  ana  (3)  are  on  page  44p. 
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hold  pots  3  with  perforated  bottoms.  The 
titanium  particles  are  caught  here,  while 
the  magnesium  chloride  drains  to  the  cham¬ 
ber  floor.  Magnesium  is  supplied  to  the 
reactor  from  smelter  4,  and  the  titanium 
chloride  from  tank  5* 

Although  it  could  easily  be  estab¬ 
lished,  even  at  the  time  at  which  the 
proposals  were  made,  that  such  com¬ 
bination  units  were  unworkable,  pat¬ 
ents  for  similar  machinery  continued 
to  appear  for  some  time. 

Subsequently,  however,  much  more 
attention  was  devoted  to  methods  for 
separate  accomplishment  of  the  reduc¬ 
tion  and  removal  of  the  reaction  mas3 . 

Attempts  were  made  to  eliminate  adhesion 
of  titanium  particles  to  the  walls  of  the 
apparatus.  In  one  proposal,  for  example, 
the  reducing  agent  was  to  be  melted  in  a 

salt  bath, and  an  impeller  was  used  to  set  up  circulation  from  the 
periphery  toward  the  center  in  order  to  prevent  contact  between 
the  reducing  agent  and  the  reactor  walls  (Fig.  68). 

The  Jet-Droplet  Process 

To  prevent  contact  between  the  molten  reducing  agent  and  the 

.  .  «  .  _ i.j - * - Art  r.f  n tv!  nm  r.arhl  rtl  r*r. 

wax  is  ui  tnc  rcaubiuu  - - - - - 

to  these  walls >  it  was  proposed  that  liquid  reducing  roetal  be 
admitted  to  the  reactor  in  the  form  of  individual  droplets  or  a 
jet  tnat  would  oreaK  up  into  ur-u^icw  -*■  ^-e**-*  -- 

ducer  was  to  be  introduced  along  the  central  axis  of  the  unit  to 
prevent  its  coming  into  contact  with  the  reactor  walls.  To  pre¬ 
vent  welding  of  the  reaction  products  to  the  equipment,  they  were 
also  to  be  kept  out  of  contact  with  the  walls  until  they  had  been 
cooled  to  temperatures  at  which  this  welding  no  longer  occurs. 


Figure  68.  Diagram 
of  reduction  ap¬ 
paratus  designed  to 
eliminate  adhesion 
of  titanium  to  ra— 
actor  wail. 


Footnote  (4)  is  on  page  445. 
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One  of  the  patents  proposes  that  molten  reducing  agent  by 
pressed  through  a  perforated  plate  into  a  reactor  placed  beneath 
it  and  taking  the  form  of  a  long  vertical  tube.  The  tube  diam¬ 
eter  was  to  be  chosen  to  as  to  exclude  contact  between  the  reduc¬ 
tion  products  and  its  walls.  The  reaction  tube  was  filled  with 
titanium  tetrachloride  vapor,  and  its  pressure  was  held  in  a  range 
that  would  ensure  an  excess  of  the  tetrachloride  over  the  reducing 
agent. 


The  reduction  reaction  takes  place  during  the  descent  of  the 
metallic  reducer  droplets  through  the  tube  and  the  titanium  tetra¬ 
chloride  vapor.  Here,  according  to  the  authors  of  the  patent,  the 
reducing  agent  is  completely  consumed,  and  the  reaction  products 
have  time  to  solidify  and  cool  adequately  by  the  time  they  reach 
the  collector  at  the  bottom  of  the  reaction  tube.  This  makes  it 
impossible  for  them  to  agglomerate  and  stick  to  the  receiver 
walls . 


Since  the  descent  of  the  droplets  ta/es  very  little  time,  no 
more  than  1-2  seconds,  provision  must  be  made  for  the  highest  pos¬ 
sible  rate  of  the  reduction  reaction.  For  this  reason,  the 
authors  recommend  a  magnesium- calcium  alloy  rather  than  magnosiu... 
as  the  reducing  agent.  It  is  reported  that  less  than  half  the 
time  is  required  for  reduction  of  titanium  tetrachloride  when  the 
magnesium  contains  5%  calcium  than  when  it  is  the  only  reducing 
agent.  It  Is  more  advantageous  to  use  an  alloy  containing  9?? 

Mg  and  IS*  Ca,  which  melts  at  5l6°C. 


The  powdered  produces  — —  magnesium  chloride,  calcium  chloride, 
and  titanium  —  that  arc  formed  by  the  reduction  reaction  are  to 
be  separated  mechanically  and  then  isasnea  cut. 


Another  patent""  takes  account  of  the  short  fall  time  of  the 
reduclng-agent  droplets  and  proposes  that  it  be  made  possible  for 
the  reducing  metal  to  react  with  liquid  TiCij,  rather  than  with  its 
vapor,  1 ■ e • ;  for  a  substantially  longer  span  of  time. 


The  principle  of  this  method  is  as  follows.  The  liquid  metal¬ 
lic  reducer  is  admitted  in  the  form  of  individual  droplets  or  a 
continuous  stream  at  the  top  of  a  sealed  steel  unit  containing  tne 
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liquid  TlCljj .  After  striking  tr  e  TiClj,  bath,  the  droplets  of  re¬ 
ducing  metal  float  on  its  surface  in  an  envelope  of  vigorously 
generated  TiClj,  vapor.  To  prevent  contact  between  the  droplets 
of  reducing  agent  and  the  new  reaction  products,  and  between  the 
reducer  and  the  reactor  walls,  the  TiCi^  bath  is  set  in  rotation 
by  tangential  delivery  of  the  TiCl^  into  the  reactor  or  by  use  of 
a  stirrer.  A  concave  meniscus  whose  configuration  is  determined 
by  the  rate  of  agitation  is  formed  as  the  bath  turns.  It  prevents 
contact  between  the  droplets  of  reducer  and  the  reactor  inner  sur¬ 
face. 


The  exothermic  heat  of  the  reaction  is  dissipated  by  cooling 
the  walls  of  the  equipment  with  water  and  evaporation  of  part  of 
the  titanium  tetrachloride.  The  vapor  is  diverted  to  a  condenser 
from  which  the  liquid  titanium  tetrachloride  is  returned  to  the 
reactor. 


Reduction  results  in  formation  of  reaction-masn  granules, 
which,  on  cooling  in  the  bath  of  boiling  titanium  tetrachloride, 
descend  to  the  floor  of  the  apparatus  and  are  taken  from  it  for 
further  processing. 


The  authors  of  the  patent  make  no  mention  of  the  lower  ti¬ 
tanium  chlorides  that  are  inevitably  formed  in  this  process.  A 
check  indicated  that  this  is  a  very  important  point,  since  the 
reduction  proceeds  not  only  in  an  excess  of  titanium  tetrachloride, 
but  also  at  comparatively  low  temperature.  The  shell  of  titanium 
sponge  impregnated  with  magnesium  chloride  that  forms  on  ohe  sur¬ 
face  of  the  droplet  makes  it  difficult  for  the  titanium  tetra¬ 
chloride  to  react  further  with  the  magnesium  enclosed  within  the 


granule . 

Since,  in  addition  to  the  titanium  and  magnesium  chloride,  a 
reaction-mass  granule  produced  in  a  "droplet"  unit  must  also  con- 
i _ hu.i.ii.  nhinriHoK.  J,t.  would  be  absolutely  necessary  to 

uaiu  j.v**c a  wj.  vutiA vmh  — - -  — 


include  further  reduction  of  these  lower  chlorides  to  the  iTicv.au. 
into  the  process  flowchart. 

In  a  Datent' ' 'awarded  10  years  later,  it  is  proposed  that 
the  magnesium  he  Introduced  in  the  form  of  -0.06-mm  powder  into 
Footnote  (7)  is  on  page  4A5. 
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a  reactor  filled  with  TiCl^  vapor  in  order  to  eliminate  this 
shortcoming.  The  top  of  the  reactor  is  heated  to  450~550°C,  which 
is  enough  to  initiate  the  reduction  reaction.  The  react! on  is 
complete,  even  with  such  fine  magnesium  particles,  only  at  the 
bottom  of  the  reactor,  on  the  surface  of  the  boiling  titanium 
tetrachloride.  The  envelope  of  titanium  tetrachloride  vapor  that 
forms  around  the  reacting  magnesium  particle  not  only  carries  it 
into  the  reaction  zone,  but  also  insulates  it  thermally,  prevent¬ 
ing  it  from  cooling  and  thus  sustaining  the  reduction  process. 

The  patent  description  says  nothing  to  indicate  whether  these 
innovations  prevent  the  iormation  of  lower  titanium  chlorides,  and 
does  not  indicate  which  methods  the  authors  of  the  patent  would 
propose  for  subsequent  processing  of  the  reaction  mass. 

Mobile  Bed  Reduction 

Proposals  for  conduct  of  the  reduction  reaction  in  a  mobile 
bed  of  solid  reducing-metal  chloridej  e.g.,  in  a  "fluidized  bed," 
have  the  object  of  permitting  reduction  of  TiClj,  at  low  tempera¬ 
ture,  thereby  excluding  cohesion  of  the  titanium  particles  into  a 
single  block,  eliminating  welding  of  the  metal  to  the  walls  of 
the  equipment,  and  simultaneously  preventing  the  formation  of  a 
cruet  of  reduce**  chloride,  which  blocks  access  of  one  reactant  to 
the  other.  Since  magnesium  is  not  active  enough  at  comparatively 
low  temperatures  and  its  use  can  result  only  in  formation  of  lower 
titanium  chlorides,  sodium  is  recommended  as  the  reducing  agent 
when  the  mobile  bed  principle  is  used. 

A  fluidized  bed  of  sodium  chloride  particles  1?  formed  in  the 
reactor  by  blowing  a  mixture  of  argon  and  TlCljj  [5-10S  (by  volume)] 
into  it  at  the  bottom. 

The  sodium  is  introduced  at  the  top  of  the  reactor  in  a  small 
excess  over  the  stoichiometric  amount  in  order  to  prevent  forma¬ 
tion  of  the  lower  chlorides. 

The  process  temperature  range  is  480-620°C.  These  tempera¬ 
tures  are  high  enough  to  obtain  a  fast  reaction  and  prevent  forma¬ 
tion  of  lower  titanium  chlorides.  At  higher  temperatures,  the 
sodium  chloride  begins  to  lump  and  the  process  breaks  down.  To 
Footnote  (8)  is  on  page  445. 
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prevent  local  hot  spots,  coolers  filled  with  oil  or,  even  better, 
liquid  sodium  or  an  Na-K  alloy  are  placed  inside  the  reactor. 


Since  a  substantial  excess  of  sodium  in  the  fluidized  bed 
favors  coalescence  of  the  NaCl  particles  with  the  newly  formed 
titanium,  the  sodium  content  in  this  bed  should  represent  no  more 
than  1?  of  its  mass. 


The  titanium  particles  settle  on  the  grains  of  salt.  As  the 
reaction  advances,  the  fluidized  bed  becomes  deeper,  and  part  of 
it  is  removed  from  the  reactor  at  intervals  and  sent  for  further 
processing.  The  sodium  Is  fed  into  the  reactor  after  heating  tc 
150°C  at  a  rate  of  44  g/hour  per  cm^  of  fluidized-bed  cross  sec¬ 
tion.  It  is  recommended  that  the  velocity  of  the  vapor-gas  mix¬ 
ture  delivered  to  the  reactor  be  held  at  around  0.15  m/s. 


Since  the  titanium  is  produced  in  a  highly  dispersed  form, 
methods  have  been  proposed  for  increasing  particle  size.  It  has 
been  proposed  that  the  reaction  products  be  held  above  the  melting 
point  of  NaCl  for  several  hours  for  this  purpose;-  provision  is 
also  made  for  agitating  the  solid  reaction  produces  for  5-7  hours 
at  700-750° C.{ 10 } 


To  improve  the  process  in  which  the  reduction  products  are 
refined,  it  has  been  proposed  that  the  mixture  of  solid  sodium 
chloride  and  titanium  particles  be  withdrawn  at  the  top  of  the 
reactor  by  a  horizontal  worm  and  transferred  into  a  basket  in  a 
retort  at  a  temperature  above  800°C.V XXI  When  filled,  the  basket 
is  raised  to  the  top  of  the  retort,  some  of  the  sodium  chloride  is 


drained  from  it,  and  the  titanium  content  in  tne  melt  rises  from 
17  to  -><50*,  thus  accelerating  aggregation  during  subsequent  high, 
temperature  holding.  This  holding  becomes  unnecessary  if  the  ti 


tanium  remaining  after 
perslure  above  800° C. 


drainage  of  the  salt 
7h6  titanium  content 


is  pressed  at  a  tem- 
in  vJjc  resulting 


blocks  can  be  brought  up  to  95% •  7b  is  proposed  that  this  mate¬ 
rial  be  sent  directly  for  reme2ting. 


/  Ip) 

In  cne  of  the  more  recent  patents.  it  is  correctly  observed 


that  holding  the  reaction  products  for  many  hours  to  aggregate  the 
titanium  particles  cancels  the  advantages  of  continuous  titanium 


production 
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To  eliminate  this  deficiency,  this  patent  proposes  that  the 
reaction  products  be  fed  from  the  reduction  apparatus  into  a 
slightly  inclined  pipe  and  pressed  down  through  it  by  a  piston  at 
350-950°C  at  a  rate  such  that  the  titanium  remains  in  the  pipe 
for  about  1  hour.  The  excess  of  the  met  allic  reducing  agent  and 
its  chloride  are  drained  from  the  pipe  through  holes  made  in  it 
and  at  its  lower  end.  If  sodium  is  used  as  the  reducer,  much  of 
it  will  be  evaporated  from  the  pipe.  Compacting  results  ir.  a  com¬ 
pact  block  of  reaction  products  containing  30-t0<  Ti.  Before  fur¬ 
ther  processing,  this  block  can  be  cut  up  or  crushed. 

Processes  in  which  titanium  chloride  is  reduced  in  a  "fluid¬ 
ised  bed"  have  other  shortcomings  in  addition  to  the  above:  the 
need  for  precise  observance  of  temperature  conditions,  since  a 
temperature  decrease  slows  the  process  and  results  in  formation 
of  lower  titanium  chlorides,  while  an  increase  in  temperature 
above  the  acceptable  limit  causes  lumping  of  the  salt  and  makes 
it  necessary  to  stop  the  process  to  clean  the  reactor.  The  narrow 
temperature  range  of  the  process  may  also  limit  reactor  produc¬ 
tivity  by  making  it  necessary  to  remove  large  amounts  of  heat  from 
it.  Since  the  process  may  be  run  at  comparatively  low  tempera¬ 
tures  —  below  the  melting  point  of  the  reducing-metal  chloride, 
it  appears  that  only  sodium  can  be  used  as  a  reducer  in  this  proc¬ 
ess  . 


Undesirable  links  in  tne  technological  process  include  the 
operation  of  Molding  the  reaction  products  for  many  hours  at  high 
temperatures  to  enlarge  the  titanium  grains  (although  there  is,  as 
we  noted  above,  a  way  to  eliminate  this  operation)  and  the  need  to 
remove  dusty  and  perhaps  pyrophoric  reaction  products  irom  the 
argcr.  before  recycling  it. 


Nevertheless,  the  highly  efficient  application  of  the  "fluia- 
sed  bed"  process  elsewhere  in  the  chemical  industry  indicates 
iat  it  should  not  be  rejected  without  adequate  experimental  test- 


1  wo> 

-».**g* 

Together  with  use  of  the  "fluidized  bed,"  many  of  the  pat¬ 
ents  describe  mechanical  agitation  of  the  sodium  and  sodium  chlo¬ 
ride.  For  example,  it  has  been  proposed  that  T . C . ^  yc  reuuoeu 
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by  sodium  in  the  15Q-350°C  range  ir.  a  horizontal  reactor  fitted 
. *  _ _ 1. 1  j _ t. _ ju,  ( 13) 

Rivn  a  xuiigj.bUUJ.naA.  lunueu  ouaivt 

To  avoid  coalescence  of  the  reaction  products,  considerable 
quantities  of  recycled  products  are  fed  into  the  reduction  ap¬ 
paratus  in  order  to  hold  the  sodium  content  at  or  below  3 t  in  the 
material  into  which  the  titanium  tetrachloride  is  fed. 

(14)  (15)  (16) 

U4  WAMA  AAWUAIlAMCI  t.f  ATITWO  VtQlfO  fil  Q  A  hfiOn  Q  llCPCfOQ  t".  A  fl 

m a'-a  o  j  ,-*j‘ ■  *  “**“  ■* ***“  **— •  -  — —  -■  - - - 


WSTiiVVj  VI  U  y 


as  agitating  devices.  me  patents  aiso  note  tne  neeu  uo  nave  a 
sodium  chloride  excess  and  therefore  call  for  returning  large 
amounts  of  the  products  into  the  reactor  [up  to  20  parts  (by  mass) 
per  1  part  sent  for  further  refining].  The  titanium  particles  are 
first  aggregated  by  holding  the  material  for  several  hours  at  a 
temperature  above  the  melting  point  of  sodium  chloride,  i.e.,  at 
850-950°C. 

One  reduction  process  is  designed  to  eliminate  the  operation 

(17) 

of  aggregating  the  titanium  particles.  A  mixture  of  solid 
sodium  chloride  and  titanium  powder  with  grain  sizes  no  larger 
than  1.25  mm  is  fed  into  a  reactor  fitted  with  an  agitating  de¬ 
vice  rotating  at  50  rev /min.  Then  a  mixture  of  fused  lower  ti¬ 
tanium  chlorides  with  NaCl  and  liquid  sodium  are  fed  into  the  re¬ 
actor  in  the  stoichiometric  quantities.  The  reduction  takes 
place  in  an  inert-gas  atmosphere  at  500-600°C. 

T*e  amount  of  reactants  taken  should  represent  about  25%  of 
the  mass  of  the  materials  present  in  the  reactor.  Some  of  the 
reaction  products  are  removed  from  the  reactor  and  screened.  The 
coarse  fraction  is  leached  in  a  solution  of  some  mineral  acid, 
while  the  fine  fraction  is  returned  to  the  reactor.  The  grain 
size  of  the  material  sent  for  leaching  is  regulated  by  varying 
the  stay  time  of  the  reactants  in  the  reducing  apparatus,  screen¬ 
ing  through  a  coarser  screen,  and  increasing  the  percentage  of 
material  returned  to  the  process.  It  is  reported  that  this  method 


can  produce  titanium  powder  in  grain  aises  or  0.63-0.16  mm. 

/  1  OS 

Another  patent  describes  an  Improvement  of  the  process  ex¬ 
amined  above J1'* The  dispersed  product  obtained  in  a  low-tempera¬ 
ture  reduction  is  loaded  onto  a  platform  conveyor  that  passes 
Footnotes  (13),  (14),  (15),  (i6),  (17),  U8)  and  (19)  are  on  page  4<t5. 
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through  a  furnace  at  850-900°C.  About  75*  of  the  molten  sodium 
chloride  included  in  the  reaction  »»2c  drains  off  the  eonvejor 
into  a  collector.  The  conveyor  carries  the  titanium  granules  to 
a  disintegrator  for  crushing.  They  are  then  leached  out  in  It 
HC1  solution. 

In  a  variation  of  this  process,  the  dispersed  reaction 
products  are  pressed  before  loading  into  the  conveyor  furnace. 

It  is  reported' ^4hat  briquettes  36  mm  in  diameter  and  20-50  mm 
high  can  be  produced  under  a  specific  molding  pressure  of  270- 
300  kgf/cm2.  The  conditions  under  which  the  briquettes  are  proc¬ 
essed  In  the  conveyor  furnace  are  the  same  as  those  for  the  loose 


Reduction  in  Injector-Hozzle  Equipment 

In  developmental  work  toward  continuous  metallothermlc  titan¬ 
ium  production,  a  certain  amount  of  attention  has  been  devoted  to 
the  use  of  nozzles  to  vaporize  the  reactants.  It  was  felt  that 
atomizing  the  reactants  would  make  it  possible  to  produce  titan¬ 
ium  in  dispersed  form,  eliminate  welding  of  the  titanium  to  the 
reactor  walls  and  formation  of  the  reaction-product  "bridge,"  and 
result  in  smaller  excesses  of  reducing  metal.  One  patent^  pro¬ 
poses  that  the  "Jets"  of  dispersed  sodium  and  TiCl^  vapor  be  aimed 
at  angles  such  that  they  impinge  on.  one  another  at  the  middle  of 
the  reactor.  It  Is  assumed  that  the  temperature  in  the  reaction 
zone  will  exceed  the  boiling  point  of  the  sodium  chloride,  whose 
vapor  will  escape  into  a  condenser,  while  the  titanium  powder 
settles  to  the  floor  of  the  reactor. 

According  to  tne  patent  claims,  which  are  confirmed  by 
theoretical  calculations  and  experiments  as  they  apply  to  the 
sodlothermic  reduction  [303],  the  vapor  of  the  metallic  reducing 
agent  reacts  quite  vigorously  with  the  TICljj  vapor,  forming  a 
flame  in  which  the  temperature  reaches  2000°C,  i.e.,  exceeds  the 
melting  point  of  titanium.  For  this  reason,  several  of  the  pro¬ 
posals  for  injector  processes  envisage  the  use  of  reaction  neat 
not  only  to  vaporize  the  reactants  and  the  chloride  of  the  reduc¬ 
ing  metal  as  it  forms,  but  also  simultaneously  for  melting  the 

Footnotes  {20}  and  (21)  are  on  page  and  UU6. 
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One  of  the  early  reports  on  the  laboratory-scale  development 
of  a  continuous  titanium  production  process  [30*1,  153]  describes 
a  unit  in  which  magnesium  vapor  formed  by  utilizing  the  heat  of 
the  reduction  reaction  in  entrained  by  a  current  of  argon  and 
introduced  into  the  reaction  zone,  where  it  reacts  with  the  TiCi^ 
vapor.  The  dispersed  titanium  particles  that  are  formed  are 
trapped  in  cyclones  set  up  in  series  with  the  reactor.  On  emerg¬ 
ing  from  the  reactor,  the  argon  stream  is  divided  into  two  parts: 
90 $  of  the  Ar  is  sent  for  mixing  with  magnesium  vapor  and  recycl¬ 
ing,  and  lOS  to  the  cyclones  to  settle  the  magnesium  dust.  Ac¬ 
cording  to  one  report  [153] »  the  reaction  products  contained  no 
lower  chlorides  or  titanium  tetrachloride  at  all  and  had  the  ap¬ 
proximate  composition  19.5 t  Tl,  77-5*  MgClg,  and  3*  Mg,  which  cor¬ 
responds  to  a  15!*  magresium  excess. 

It  has  been  established  that  the  grain  size  of  the  titanium 
powder  depends  on  the  rate  of  the  reduction  reaction.  This  gave 
rise  to  the  hope  that  a  comparatively  large-grained  product  could 
be  obtained.  However,  experiments  failed  to  produce  titanium  of 
satisfactory  quality.  The  lack  of  a  simple  and  inexpensive  method 
or  processing  dispersed  titanium  into  compact  metal  was  apparently 
the  reason  for  suspending  developmental  work  on  this  process. 

In  one  patented  process;  an  arc  into  which  a  magnesium  wire 
is  fed  bums  between  two  electrodes  in  an  injector  leading  to  the 
reactor.  The  wire  melts  and  is  atomized  by  blowing  titanium 
tetrachloride  through  the  injector.  The  powder  produced  by  the 
reaction  settles  to  the  conical  floor  of  the  reactor,  from  which 
is  raked  into  a  vertioal  worm  installed  in  the  center  of  the  re¬ 
actor  floor  for  extraction  from  the  reactor.  The  temperature  in 
the  reactor  is  held  in  the  760-870° C  range. 

Later  proposals  call  for  certain  equipment  refinements.  For 
example,  one  patent  ^describes  a  cylindrical  reactor  1  (Fig.  69) 
whose  reaction  space  2  is  surrounded  by  an  annuls’"  chamber  3, 
which  is  packed  with  ’-Itanium  fragments  (4).  The  TiCij,  vapor  is 
fed  through  pipe  5  into  an  ejector  device  6  of  the  Venturi  type 
with  a  flared  stack.  The  molten  magnesium  moves  through  pipe  7 
Footnotes  (22)  and  (23)  are  on  page  446. 
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into  an  annular  distribution  trough  8,  from  which  it  spiil3  into 
the  titanium  packing  and  is  vaporized  from  it  by  the  reaction 
heat.  The  resulting  magnesium  vapor  is  drawn  into  ejector  6. 

Argon  is  fed  into  ejector  6  through  pipe  9.  To  permit  U3e  of 
sodium  in  addition  to  magnesium  as  the  reducing  agent,  the  design 
includes  a  pipe  through  which  sodium  vapor  passes  into  the  annular 
gap  around  the  TiCljj  delivery  pipe  5.  The  incandescent  torch  11 
of  reaction  products  is  aimed  at  the  surface  of  the  liquid  titan¬ 
ium  10  in  crystallizer  12,  which  is  situated  at  the  bottom  of  the 
reactor  and  has  cooled  walls.  As  the  titanium  accumulates  in  the 
crystallizer,  the  ingot  13  that  is  formed  is  extracted  from  it  at 

the  bottom.  The  magnesium  chloride  Vapor  condenses  Outside  the 

au.  Smmoo  ««  aP  O  am  J  r*»  a  “»  a  ntts  «  e  a*  P 

burCu }  via  vuc  uuici'  oui  iavc  Vi  vuowwva  j  t  cum  w»»v  v 

drains  to  the  reactor  floor  and  is  removed  from  it  through  pipe 
14,  Some  of  the  titanium  mixes  with  the  chloride  and  is  withdrawn 
from  the  reactor  with  it-  The  titanium  is  separated  from  this 
salt  by  filtration  or  some  other  method.  Coll  15  is  filled  with 
the  liquid  metallic  reducing  agent  and  serves  to  cool  the  reactor 
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during  operation  and  warm  it  up  before  starting  the  process.  In 
another  patent1,  'which  provides  for  the  use  of  sodium  as  the 
reducing  agent,  the  reactor  is  to  be  placed  in  a  liquid-sodium 

r1  /%  tJ  4  4-U  «)*•«>»  •  . 

vw  I»*vuui  an  uuc  k  xO.hsk  non  r.  onH  ♦•»•*,*>  *-  x*  xw,  -  v-  -  . 

1 — *  j  «■**'-  wvm  ui  one  i*e«ctor  is 
to  be  cooled  by  circulating  fused  sodium  chloride.  To  prevent 
the  reaction  products  from  building  t-o  on  the  injector,  there  are 
two  concentric  annular  gaps  m  the  nozzle  around  the  central  TiCl„ 
delivery  orifice;  sodium  vapor  is  fed  into  the  outer  gap  and  argon 

into  the  inner-  one  to  prevent  the  sodium  vapor  and  TiCU  from 

interacting  in  the  immediate  vicinity  of  the  injector. 

mi*  (  \ 

The  proposals  in  another  oaten* •  _ _  j. 
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cooling  system  is  provided  to  condense  most  of  the  sodium  chloride 
vapor.  The  walls  of  the  reaction  chamber  are  made  from  molyb¬ 
denum  and  heated  to  about  140G°C.  Some  of  the  NsCl  vapor  con¬ 
denses  on  the  walls  of  the  reaction  chamber,  washing  away  the 
titanium  deposits  on  these  walls.  The  liquid  sodium  around  the 
reaction  chamber  is  heated  to  the  boiling  point,  with  some  of  the 
vapor  going  to  a  reflux  condenser  and  some  of  it-,  after  heating 
to  10CC°C,  to  the  injector.  The  crystallizer  for  continuous  cast¬ 
ing  of  the  titanium  ingot  is  also  sodium-cooled. 


A  unit  of  this  type  is  also  proposed  in  another  patent 
which  provides  for  introduction  of  a  consumable  titanium  elec¬ 
trode  containing  alloying  additives  into  the  reactor. 


Some  patents  describe  other  features  designed  to  eliminate 
buildup  of  reaction  products  on  the  injector.  They  note  that 
even  partial  obstruction  of  the  injector  passages  by  reaction 
products  may  change  the  direction  of  the  torch  or  the  proportions 
of  the  initial  reactants  in  it,  thus  disturbing  the  process.  Hie 
injector  mus^t  therefore  remain  perfectly  clean  during  operation. 
One  patent  proposes  that  the  metallic  reducer  be  introduced 
through  the  central  injector  orifice  and  the  TiClj,  vapor  directly 
into  the  reactor.  Fused  salt  is  fed  into  an  annular  gap  around 
the  central  injector  tube,  forming  a  protective  liquid  curtain 
around  the  Jet  of  metal.  The  patent  description  states  a  typical 
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Footnotes  (24),  (25),  (26),  (27)  and  (28)  are  on  page  446. 
FTD-H  0-  ?  3-  3«^?-6Q 


F 

{ 

» 

i 


i 

? 


i 

I 

t 


i 

•* 

i 

\ 

t 

i 

i 

4 


i 


f 

* 


i 


♦ 


Jet  of  metal  must  not,  under  any  circumstances,  be  interrupted 
or  allowed  to  shrink  in  diameter* 

(29 ) 

One  patent  proposes  that  sodium  vapor  be  introduced  into 
the  injector  asternal  annular  gap  #  (Pig.  70).  A  mixture  of  TiCljj 
vapor  and  droplets  is  introduced  through  the  central  pipe  1»  which 
has  spiral  ribs  2.  Centrifugal  force  presses  the  TiClj,  droplets 
against  the  inner  surface  of  tube  1,  forming  a  film  of  liquid 
TiCijj  on  it.  The  ribs  3  slow  the  rotation  of  thiB  film  and  force 
it  to  flow  from  the  injector,  forming  a  cylindrical  liquid  cur¬ 
tain  that  prevents  reactions  between  the  TiCljj  and  Na  vapors 
directly  at  the  injeotor  surface.  Thus,  the  reaction  zone  is 
moved  away  from  the  injector.  To  prevent  vaporization  of  the 

TiCl4  film  from  the  inner  surface  of  pipe  1  by  the  heat  ol‘  the 

metallic-reducer  vapor  moving  through  annular  space  **»  a  spacer 
5  made  Trom  a  heat-insulating  refractory  material  is  placed  be¬ 
tween  the  TiClj,  and  sodium  delivery  pipes. 

Another  patent 30 devotes  most  of  its  attention  to  the  reac¬ 
tor  rather  than  the  principle  of  the  injector:  the  middle  of  the 

reactor  is  expanded  considerably  and  vibrators  are  secured  to  the 

conical  bottom  of  the  reactor  to  prevent  the  reaction  products 
from  settling  on  the  walls  of  the  reduction  apparatus. 

Patent^31  describes  an  injector  assembly  (Fig.  71)  consisting 
of  a  vertical  tube  1  fitted  with  cooling  Jacket  2.  Nozzle  3  with 
bore  4  for  delivery  of  liquid  or  gaseous  titanium  tetrachloride 
and  bore  5  for  introduction  of  the  liquid  or  gsseour  reducing 
metal  —  sodium  is  recommended  —  is  placed  in  the  top  of  tube  1. 
Th»  lower  end  of  the  injector  is  fitted  with  diffuser  6  and  de¬ 
flector  7,  which  direct  the  stream  of  tetrachloride  against  the 
walls  of  the  reactor.  Chamber  8  with  water  Jacket  9  communicates 
with  the  reactor  at  its  base.  An  inert  gas  is  fed  into  chamber  8 
throutfi  pipe  10.  The  reduction  reaction  takes  place  in  the  injec¬ 
tor  flame.  Sponge  titanium  forms  a  liner  11,  whose  thickness  in¬ 
creases  downward  as  far  as  level  12.  on  the  walls  of  the  reactor. 
Below  level  13,  where  reduction  proceeds  more  rapidly,  the  sponge 
metal  begins  to  melt  and  drain  downward,  forming  a  compact  pipe 
iii,  over  whose  inner  surface  liquid  magnesium  chloride  drains 
Footnotes  (29),  (30  and  (3D  are  on  page  ««6. 
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The  proposal  assumes  that  the  titanium  pipe  14  formed  on  the 
liner  layer  can  be  extracted  continuously  from  the  reaction  zone 
as  a  result  of  cooling  tne  walls  of  reactor  1. 


Figure  71.  Diagram  of 
apparatus  for  produc¬ 
tion  of  titanium  by 
continuous  injector 
process . 

Patents^  ^^call  for  a 
somewhat  different  apparatus  (Fig. 
72).  A  crystallizer  into  which 
the  reaction  products  —  titan¬ 
ium  and  magnesium  chloride  — 
are  drained  is  mounted  below  the 
reaction  zone.  Because  of  their 


4-jft 


Figure  72.  Diagram  of 
apparatus  for  produc¬ 
tion  of  titanium  by 
continuos  injector 
process.  1)  Reaction 
chamber;  2)  reaction 
product  collector;  3) 
cooling  Jacket;  4)  in¬ 
jector-  nestle;  5)  spray 
nozzle;  6)  c.'tystallizer 
for  titanium;  7)  bottom- 
plate  rod;  8)  pipe  con¬ 
nection  for  inert  gas 
delivery;  9)  reaction 
zone;  10;  titanium 
liner. 


considerable  density  difference,  they  separate  into  layers,  the 
titanium  freezes  and  is  transformed  into  an  ingot  that  can  be 
extracted  at  the  bottom,  and  the  magnesium  chloride  overflows 


across  the  upper  lip  of  the  crystallizer,  collecting  in  the 


outer  annular  space.  Provision  is  made  for  extracting  not  only 


a  titanium  ingot,  but  also  a  titanius-and-salt  block  with  a 


titanium  core  surrounded  by  frozen  magnesium  chloride. 


Footnotes  (32)  and  (33)  are  on  page  446. 
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The  authors  of  proposals  calling  for  the  extraction  of  liquid 
titanium  as  the  direct  product  of  the  reduction  reaction  fail  to 
take  two  fundamental  points  into  account.  Firstly,  heat  calcula¬ 
tions  indicate  that  to  obtain  the  titanium  in  liquid  form,  it  is 
necessary  to  Introduce  the  reducing  metal  a§  a  superheated  vapor 
rather  than  a  liquid,  or,  as  some  of  the  patents  recognize,  to 
provide  supplementary  heating  of  the  reaction  space. 

It  was  confirmed  experimentally  in  [324]  that  formation  of 
solid  lower'  titanium  chlorides  ceases  at  850-900°C.  However,  the 
secondary  reaction 

T^  +  TiCl^-  m-fClie*.. 

starts  to  advance  rapidly  at  temperatures  in  excess  of  1000° C. 

Thermodynamic  calculations  for  the  reactions  in  which  TlO^ip  ond 

T1C1„,  ,  have  confirmed  that  the  free  energy  of  the  reaction 

2 [gas;  ,  , 

forming  -iC12(gaa)  d«creases  temperature  and  equals 

zero  at  1467°C  (1740°K)  under  standard  conditions  “  1  stn'  ■ 

If  the  vapor  partial  pressure  PTiC1  *  PTiC1  *  lO"*  atm»  fchen  AZ  * 

-  0  at  1237°C  (1510°K),  and  when  pwc,  *  PT1C1  *  10*3  atm»  AZ  “ 

-  0  even  at  1087°C  (1360°K).  This  easts  doubt  on  the  possibility 
of  obtaining  liquid  titanium  directly  in  the  reduction  apparatus, 
i.e..  in  an  environment  of  gaseous  titanium  tetrachloride,  unless 
measures  are  taken  to  suppress  the  above  reaction  leading  to  forma¬ 
tion  of  gaseous  titanium  dichloride. 

Other  difficulties  must  also  be  overcome  before  the  injector- 
nozzle  version  of  the  continuous  process  become  workable.  Since 
the  solid  titanium  is  produced  in  a  finely  dispersed  form  in  an 
injector-type  reactor,  some  of  it  will  obviously  be  carried  away 
with  the  reducing-metal  salt.  Separation  of  titanium  from  this 
salt  is  a  complex  and  expensive  operation  involving  substantial 
losses  or  the  metal.  It  is  also  necessary  to  ensure  trouble-free 
performance  of  the  injector  by  making  it  Impossible  for  titanium 
to  settle  on  the  surfaces  ox'  its  parts.  It  has  not  yet  been  pos¬ 
sible  to  keep  the  injectors  working  for  any  appreciable  length  of 
time  in  tests  of  injector  processes  (in  spite  of  the  large  numbers 
of  experiments  that  have  been  conducted). 
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Nonetheless,  the  possibility  of  sustained  injector  operation 
in  reactors  for  reduction  of  titanium  tetrachloride  with  a  solid 


titanium  product  is  apparently  not  to  he  ruled  out.  The  results 
of  a  Japanese  study  of  the  production  of  high— purity  titanium  by 
an  injector  process  were  published  in  1961  [320].  The  reactor 


was  supplied  through  concentric  injectors  with  titanium  tetrachlo- 

j.  _ /  1  ^  i  .  \ J _ A .  /  i - J.. 
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The  authors  made  no  mention  of  injector  buildups  or  measures  taken 
to  eliminate  this  phenomenon,  although  the  tests  ran  for  several 


hours.  The  process  was  conducted  at  a  residual  reactor  pressure 

of  10“3-10“"  mm  Hg.  The  titanium  settled  on  titanium  shavings 

with  which  the  reactor  wa3  packed  and  did  not  weld  to  the  reactor 

walls.  This  formed  a  basis  for  the  development  of  a  semicontin- 

(3ft) 

uous  process,  for  which  a  patent  has  been  issued.  The  reactor 
is  enclosed  in  a  chairfcer  whose  elevator  bottom  can  be  pressed 


>»a(  rsa  f  fha  ftp  f  ft  fftpm  O  . 


A  pot  rilled  with  titanium  chips  is  placed  on  this  elevator- 
base.  When  the  titanium  that  has  settled  on  the  chips  ha3  filled 
the  pot,  it  Is  lowered  by  elevator  to  a  table  at  the  bottom  of 
the  chamber  and  turned  through  180° .  Another  pot  of  titanium 
chips  has  previously  been  set  up  on  the  other  side  or  the  table. 
When  the  table  turns,  the  new  pot  moves  into  the  reactor  and  the 
used  one  is  withdrawn  through  an  unloading  hatch. 


Reduction  by  Sodium  In  Two  Stages 


As  we  noted  in  Chapter  11,  reducing  titanium  tetrachloride 
in  two  stages  sets  up  conditions  favorable  for  development  of 
technology  and  equipment  for  semi  continuous  and  continuous  proc¬ 
esses.  The  conditions  for  reduction  of  the  titanium  tetrachlo¬ 
ride  by  sodium  are  particularly  favorable,  sinoe  the  lower  titan¬ 
ium  chlorides  that  form  during  the  first  stags  of  the  process 


dissolve  readily  in  the  sodium  chloride  that  also  forms.  During 
the  second  stage,  the  lower  tltaniu-*  chlorides,  which  have  dis¬ 
solved  in  the  salt,  can  be  completely  and  rather  quickly  reduced 
under  conditions  such  that  the  titanium  that  is  formed  is  iso¬ 
lated  from  the  reactor  walls  and  therefore  will  not  weld  to  them 


Footnote  (3*0  is  on  page  ftfto. 
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There  have  been  a  number  of  proposals  for  the  use  of  hydro¬ 
gen  i£  an  Sj?;£«it  that  reduces  titanium  tetrachloride  to  the  lower 
chlorides.  The  thermodynamic  characteristics  of  the  reaction 

TK3;  -f  4-  H,  TiO.  +  HQ. 

0 

and  the  disproportionation  reactions  that  accompany  it  are  given 

in  Pig.  73^^  Since  the  solubility  of  lower  titanium  chlorides 

in  the  NaCl  melt  favors  the  reduction  of  TiCl^  by  hydrogen  and 

increases  the  yield  of  lower  chlorides ,  it  is  recommended  that  a 

mixture  of  TiCli.  and  H»  be  bubbled  through  an  NaCl  melt  at  a  tem- 

2  /  \ 

perature  around  900°C  for  the  reduction  reaction. 


1 


-7U  ^  _  , 

-t?  ZTZZ’j  rides  that  are  formed  corre- 

**T  " — ~  ,  ,  ,  ,"**~;~*  sponds  approximately  to  the 

'"*»  m  m  m  m  a*  m  m  m  formula  TiCl„  the  hydrogen 

Temperature,  *K  ?  • 3  .  ... 

must  be  supplied  xn  quantities 

Figure  73.  Thermodynamic  char-  exceeding  the  stoichiometric 

aotertsties  of  reduction  of  proportions  by  a  factor  of  2-?; 

TiCli.  by  hydrogen  and  the  ac- 

’  .  ..  .  .  .,  the  yield  of  lower  chlorides 

companying  disproportionation 

reactions ,  kcal:  depends  rather  strongly  on  the 

''opposition  of  the  salt  bath 
I  -no.  +  'Wj-TKVt  WSi  ^ 

J - nTm**  or,  in  other  words,  on  the 

solubility  of  the  lower  titan¬ 
ium  chlorides  in  it.  For  example,  good  results  were  obtained 
when  a  bath  of  fused  NsCl  or  KC.I  was  used.  It  has  been  reported, 
for  example,  that  when  a  mixture  of  TlCl^  and  H9  was  fed  backwards 
into  a  column  through  which  fused  NaCl  was  passed  in  the  mass 
ratio  NaCl:TiCl„  -  3:1,  and  a  TIClj,  delivery  rate  of  60  g/hour  per 
cm^  of  column  cross  section,  about  9?l  of  the  TiClj,  was  utilized. 
The  process  temperature  was  850"C.  The  melt  leaving  the  column 
contained  about  261  TiCl^. 

Footnotes  (35),  (36)  and  (37)  are  on  page  446, 


The  following  facts  be¬ 
came  clear  as  a  result  of  sub- 

seauent  study  of  the  reduction 

(37) 

of  TiCljj  by  hydrogen "the 
CGSDCZ  ition  of  the  lower  chlo- 
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Figure  73.  Thermodynamic  char¬ 
acteristics  of  reduction  of 
TiCli,  by  hydrogen  and  the  ac¬ 
companying  disproportionation 
reactions,  kcal: 
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A  number  of  ways  of  producing  titanium  continuously  from  its 
lower  chlorides  have  been  proposed. 

Some  of  the  patents  talcs  advantage  of  the  property  of  lower 
titanium  chlorides  to  disproportionate  into  chlorides  of  nigner 
valency  and  titanium.  This  explains  the  interest  shown  in  this 
titanium- production  method:  in  principle,  it  opened  the  possi¬ 
bility  of  eliminating  use  of  the  reducing  metal  in  the  second 
stage  of  the  process. 

For  example,  one  continuous  method  proposed  for  titanium 
production  [310]  is  based  on  the  fact  that  lower  chlorides  or 
srciui’ies  or  titanium,  especially  the  dih&lides,  can  be  produced 
by  reacting  the  corresponding  tetrahalide  in  vapor  form  with  an 
initial  material  containing  titanium  dioxide  mixed  with  carbon. 

The  result  of  the  reaction  is  a  gas  mixture  containing  the  lower 
titanium  halides  and  carbon  monoxide,  l?ie  lower  halides  dispro¬ 
portionate  on  heating  in  the  gas  stream  under  reduced  pressure, 
yielding  pure  titanium  and  its  higher  nalides. 

S.I.  Sklyarenko  and  S.P.  Belov  [3113  showed  that  dispropor¬ 
tionation  of  the  lower  chlorides  is  an  extremely  slow  process, 
and  hence  hardly  of  practical  interest  as  a  variant  of  the  con¬ 
tinuous  method.  If  -ays  -ere  found  to  accelerate  the  dispropor¬ 
tion  reactions  significantly,  the  situation  might  be  drastically 
changed. 

/*>o\ 

Patent' '’describes  one  highly  productive  two-stage  sodiother- 
mic  process.  It  is  proposed  that  lower  titanium  chlorides  be  pro¬ 
duced  by  reducing  Tici^  with  sodium  at  790WC  with  agitation. 

Enough  sodium  is  introduced  to  support  formation  of  the  compound 
TiCl2-TiCl3-3NaCl  (26.51  TiCl2,  3*1. 5*  TiClj,  39*  NaCl).  The  melt 
is  cooled, and  tablets  weighing  about  200  g  are  pressed  from  the 
re^ul tip?  salt  at  100°0-  These  tablets  are  introduced  into  a 
second-stage  reactor  filled  with  sodium  at  825°C  to  complete  the 
reduction.  Reduction  is  complete  within  3  minutes.  The  titanium 
granules  that  are  formed  retain  the  form  of  the  tablets  and  can 
be  removed  from  the  reactor  in  this  state  for  subsequent  refining. 

Footnote  (3S)  is  o-  page 
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Patent  describes  the  second  stage  of  a  continuous  process 
for  production  of  coarse-grained  titanium.  Fused  lower  titanium 
chlorides  are  poured  into  crucibles  and  small  amounts  of  sodium 
ore  placed  on  their  surface.  A  "bridge”  of  titanium  sponge  is 
formed  and  ensures  slow  access  of  subsequent  portions  of  the  so¬ 
dium  to  the  fused  lower  chlorides.  Toward  the  end  of  the  crystal¬ 
growing  process,  the  "bridge"  is  punctured  at  several  points  with 
a  special  rake.  The  crucibles  with  the  melt  are  conveyed  into  a 
tunnel  furnace  heated  to  about  900°C  and  equipped  with  airlocks 
at  its  entrance  and  exit. 

Processes  for  the  production  of  titanium  in  combined  apparat¬ 
us  have  been  patented  for  application  to  two-stage  reduction.  One 
such  unit  combines  the  functions  of  reducing  the  lower  titanium 
chlorides  to  the  metal,  separating  the  metal  from  the  chloride, 
melting  the  metal,  and  putting  it  out  in  the  form  of  granules. 

A  solid  charge  consisting  of  lower  titanium  chlorides  and  dis¬ 
persed  solid  magnesium  is  fed  into  the  reactor  by  a  worm  in  its 
floor.  The  reduction-reaction  zone  is  provided  with  a  Jacket 
filled  with  fused  salt.  Circulation  of  the  salt  keeps  the  re¬ 
action-zone  temperature  about  50°  above  the  melting  point  of  the 
magnesium  chloride,  the  excess  of  which  leaves  through  holes  In 
the  sides  of  the  reactor.  As  it  forms,  the  titanium  sponge  is 
pushed  up  by  the  worm  feeding  the  charge  up  into  the  burning  zone 
of  an  arc  in  which  the  residual  magnesium  chloride  is  vaporized 
along  with  the  excess  reducer.  The  vapors  of  these  substances 
are  picked  up  by  a  current  of  argon  forced  into  the  reactor  at 
the  top,  and  carried  by  it  into  the  reaction  zone.  The  -ten  - ~ 
tanium  overflows  across  the  lip  of  the  melting  bath,  anu  «.he  bans 
formed  as  it  freezes  roll  into  a  receiver  set  up  beside  the  reac¬ 
tor. 

Aluminum  has  also  been  proposed  as  a  reducing  metal  for  the 
(41) 

two-stage  process. 

The  TlCljj  is  reduced  to  the  lower  chlorides  by  aluminum  pow¬ 
der  with  grain  sizes  smaller  than  0.06  mm  at  400-600°C.  A  mix¬ 
ture  of  TiCl2  and  TiCl3  remains  in  the  reactor,  and  the  alumi¬ 
num  chloride  is  volatilized. _ 

Footnotes  (39),  (4oj  and  tAl  J  are  on  page  AAb. 
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‘fhe  first  stage  of  the  process  can  be  represented  by  the 
equations 


3TiCl,  +  2A1  -  3Tid.  +  2AiOt 


f  IQ) 


and 

3TJC1*  -f  Al  -►  3TiCI,  +  AICI*. 


(PCI) 


The  lower  chlorides  obtained  in  this  way  are  crushed,  mixed 
with  aluminum  powder,  briquetted ,  and  heated  slowly  to  1100=C  in 
an  inert  atmosphere.  The  resulting  titanium  retains  the  shape  of 
the  briquettes. 


Flushing  with  inert  gas  helps  remove  the  A1C1,  vapor. 

It  is  noted  in  the  patent  that  formation  of  aluminum-titan¬ 
ium  alloys  is  excluded  in  the  two-stage  reduction. 


One  proposal  calls  for  combining  the  "fluidized  bed"  reduc¬ 
tion  process  with  r.h<?  two-stage  process  '  '  The  reduction  is  car¬ 
ried  out  in  air  tubes  using  argon  as  the  pusher  gas.  In  one  of 
the  air  tubes,  sodium  is  atomized  on  particles  of  NaCl  and  lower 
titanium  chlorides  produced  by  reduction  of  TiCl^  with  sodium; 
the  two  streams  converge  in  a  third  air  tube,  where  the  lower 
chlorides  are  reduced  to  the  metal  at  a  temperature  below  the 
melting  point  of  NaCl. 


Among  the  proposals  concerning  equipment  for  use  in  the  con¬ 
tinuous  two-stage  process,  reactor  designs  in  which  both  stages 

of  the  reduction  are  accomodated  deserve  special  attention. 

(J13) 

The  reactor  (Fig.  7*0  described  in  patent  "is  designed  for 
the  sodlothermic  process  and  filled  with  sodium  chloride;  sodium 
is  fed  into  the  bottom  of  the  reactor  through  pipe  1.  TiCl^  vapor 
passes  through  pipe  2  and  fills  the  gas  space  3.  Floating  to  the 
surface  of  the  fused  sodium  chloride,  the  sodium  reacts  with  the 
T< Clj.  excess,  forming  T1C1-,  which  dissolves  in  the  melt.  Dif¬ 
fusing  downward,  the  TiCl^  reacts  with  the  sodium  droplets  rising 
through  the  melt  to  form  the  titanium  particles  8. 

Two  methods  are  provided  for  withdrawal  of  the  excess  heat 
from  the  reactor.  The  reactor  cover  4  functions  as  a  condenser 
for  T1C1U,  droplets  of  which  drain  onto  the  surface  of  the  NaCl 

Footnotes  (42)  and  (4 3)  are  on  page  446. 
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Figure  74.  Diagram  of 
apparatus  for  contin¬ 
uous  sodiothermic  ti¬ 
tanium  production. 


Figure  75-  Diagram  of 
apparatus  for  contin¬ 
uous  titanium  produc¬ 
tion  by  the  magnesio- 
thermic  process. 


melt  and  reevaporate ;  taking  a  certain 
amount  of  heat  out  of  the  melt.  Heat 
is  also  taken  off  the  reactor  walls  by 
fused  sodium  circulating  in  the  cooling 
Jacket  5*  Agitator  10  in  the  reactor 
circulates  the  melt  vigorously,  thus 
preventing  titanium  particles  smaller 
than  0.3  mm  from  settling  to  the  floor. 
This  requires  circulation  at  a  rate  of 
around  10  cm/s.  With  time,  the  fine 
titanium  particles  aggregate  and  ac¬ 
cumulate  in  the  bottom  of  the  reactor. 
Circulating  the  melt  also  inproves  dis¬ 
tribution  of  the  sodium  in  it  and  pre¬ 
vents  the  formation  of  a  sodium  chloride 
crust  on  the  melt  surface  in  spite  of 
the  rapid  offtake  of  heat  by  the  vapor¬ 
izing  TiCl^. 

To  step  up  the  formation  of  lower 
titanium  chlorides  in  the  top  of  the 
reaction,  it  is  recommended  that  part 
of  the  TICljj  be  introduced  through  a 
bubbler  placed  just  below  the  surface 
of  the  melt.  It  is  assumed  that  the 
TiCljj  will  react  with  titanium  parti¬ 
cles  suspended  in  the  melt,  forming  its 
lower  chlorides. 

The  reactor  has  a  conical  bottom 
with  a  solid-salt  plug  6.  This  plug  is 
defrosted  by  shutting  off  the  supply  of 
water  to  coil  7  at  periodic  intervals 
for  drainage  of  the  titanium  that  has 
settled  to  the  reactor  floor  together 
with  the  salt,  from  which  it  is  sepa¬ 
rated,  for  example,  on  filter  9. 
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Anocner  reactor  design  that  provides  for  the  use  of  magnesiuir. 
appears  in  Pig.  75*^^  Partition  1  separates  the  reactor  into  two 
sections.  Titanium  tetrachloride  enters  at  the  bottom  of  the 
right-hand  section  through  pipe  2,  which  circulates  the  melt 
counterclockwise.  Entraining  fine  titanium  particles  suspended 
in  the  melt,  the  TlCl^  reacts  with  them,  forming  the  lower  chlo¬ 
rides  . 


Magnesium  enters  at  the  top  of  the  left-hand  division  through 
pipe  3  in  the  form  of  droplets  or  chips.  The  magnesium  reduces 
the  lower  chlorides  to  the  metal.  Large  titanium  particles  settle 
into  pocket  4,  while  the  fine  ones  are  carried  by  the  stream  of 
melt  into  she  right-hand  division,  where  they  react  with  the  TiCljj. 
A  mechanical  mixer  5  in  the  left-hand  division  of  the  reactor  has 
the  function  of  stepping  up  circulation  of  the  melt. 

It  la  recommended  that  the  magnesium  be  introduced  in  the 
form  of  solid  particles  or  droplets  ranging  in  size  from  0.15  to 
6  mm.  The  titanium  particles  have  sizes  from  0.15  to  10  mm.  It 
i3  assumed  that  the  process  can  be  run  with  the  stoichiometric 
amount  of  magnesium. 

Reduction  by  Bubbling  Reactants  Through  the  Melt 


Researchers  working  on  the  development  of  a  continuous  ti¬ 
tanium  production  process  have  returned  repeatedly  to  the  sugges¬ 
tion  that  the  starting  reactants  be  delivered  into  a  fused  salt 
bath  covered  by  a  layer  of  the  molten  reducing  metal.  These  pro¬ 
posals  have  been  based  on  the  following  premises:  conditions 


under  which  the  reduction  will  be  complete  within  the  melt  of 
3alts  and  reducing  metal  can  be  created  inside  the  reactor;  con¬ 
sequently,  the  initial  reactants  will  be  absent  from  the  gas  space 
of  the  apparatus,  thus  excluding  formation  of  reduction  products 
in  this  space.  The  reaction  in  the  melt  will  produce  dispersed 
titanium  that  will  not  stick  to  the  walls  of  the  reduction  appa¬ 


ratus,  but  settle  to  the  reactor  floor,  from  which  it  can  be  ex¬ 
tracted  for  subsequent  refining. 

(45) 

According  to  one  of  the  early  patents,  this  process  would 
be  carried  out  in  a  column  filled  with  magnesium  chloride,  into 
Footnotes  (44)  and  (45)  are  on  page  44?. 
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which  magnesium  and  TiCljj  would  be  delivered  in  vapor  form.  To 
complete  the  reduction  of  the  lower  titanium  chlorides  that  are 
formed,  it  is  proposed  that  the  magnesia  be  introduced  at  a  lower 
level  than  the  TiCl^.  TOie  reactants  could  also  be  delivered  in 
liquid  fora*  In  this  case,  the  rapid  vaporization  of  the  TiCl^ 
would  help  disperse  the  titanium  product.  The  layer  of  melt  in 
the  coluan  would  have  to  be  deep  enough  to  give  the  reduction  re¬ 
action  time  to  go  to  completion. 

The  results  of  a  study  of  conditions  for  continuous  sodio- 
thermic  titanium  production  by  the  bubbling  method  have  been  pub¬ 
lished  [252]. 

The  experiments  were  carried  out  in  a  reactor  75  mm  in  diam¬ 
eter  and  too  mm  high-  To  lOnjr  the  procoss  tenpf r&turs  ^  ft  c ut 
tie  mixture  —  $5*  LiCl  and  55*  KC1,  which  melts  at  360°C  —  was 
used  as  the  salt  b*th,  A  bed  of  sodium  50-75  mm  thick  covered 
the  melt.  The  TiCl^  vapor  was  introduced  into  the  salt  bed  at  a 
depth  of  100-125  mm.  The  TiClj,  delivery  rate  was  about  5  g/h  per 
square  centimeter  of  reactor  cross  section.  The  temperature  range 
of  the  experiments  was  400-800*0. 

It  was  established  that,  regardless  of  the  temperature  and 
TiCljj  delivery  rate,  the  reaction  mass,  which  consisted  of  titan¬ 
ium,  sodium  chloride,  and  sodium,  tended  to  collect  at  the  top  of 
the  reactor  in  the  form  of  an  annular  layer  that  clung  to  the  reac¬ 
tor  wall  and  the  TiCl..  delivery  pipe.  A  smell  part  of  the  titan¬ 
ium  formed  lumps  in  the  salt  bed.  In  all  experiments,  only  a 
small  amount  of  titanium  settled  to  the  floor  in  the  form  of  & 
fine  black  powder.  This  powder  contained  a  substantial  amount  of 
oxygen  and  was  apparently  formed  in  the  initial  stage  of  the  ex¬ 
periment  by  reaction  of  the  first  portions  of  reduced  titanium 
with  oxygen  tnat  was  present,  for  example,  in  the  sodium  and  the 
chloride. 

In .experiments  run  at  temperatures  below  430° C,  some  of  the 
TiCl^  passed  through  the  layer  of  melt  into  the  reactor's  gas 
space,  and  at  higher  temperatures  all  of  the  TiCl^  was  reduced. 
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Titanium  built  up  on  the  TlCl^  delivery  pipe  in  all  experi¬ 
ments,  especially  when  agitation  of  the  melt  was  stepped  up. 

In  some  experiments,  only  sodium  was  delivered  into  the  melt. 
The  TICK  was  fed  into  the  reactor  gas  space  at  a  pressure  some¬ 
what  above  1  atm.  This  technique  did  not  give  any  appreciable  im¬ 
provement  . 

The  titanium  dendrites  that  were  found  on  the  reactor  floor 
in  a  number  of  experiments  were  apparently  formed  on  interaction 
of  dissolved  reagents  or  reagents  dispersed  through  the  melt. 
Special  experiments  in  which  the  starting  materials  were  separ¬ 
ated  by  fused  salt  were  conducted  to  clarify  this  question.  For 
this  purpose,  a  pipe  opening  100  mm  below  melt  level  was  intro¬ 
duced  into  the  reactor  and  the  sodium  was  fed  through  it.  The 
reactor's  gas  space  outside  the  pipe  was  filled  with  TiCl^  vapor. 
Under  these  conditions,  the  reduction  rate,  which  was  determined 
by  the  rate  of  diffusion  of  sodium  in  the  melt,  was  very  low  — 
about  1  g/h  per  square  centimeter  (counting  the  melt  surface  area 
in  the  TiCl^-filled  space).  At  the  same  time,  only  part  of  the 
titanium  settled  to  the  reactor  floor.  The  rest  of  the  metal 
settled  on  the  reactor  walls  at  the  surface  of  the  melt  in  the 
TiCljj  space. 

In  attempts  to  increase  the  rate  of  the  reaction,  the  melt 
was  agitated  vigorously,  and  its  level  was  lowered.  However,  the 
reaction  rate  could  not  be  increased. 


Figure  76.  Diagram  of  apparatus  for  continuous 
titanium  production  by  bubbling  method. 


420 


FTD-HC-2 3- 352-69 


i 


t 


Even  though  the  experiments  described  above  did  not  give  the  ct 
desired  results*  the  data  obtained  give  an  idea  of  the  difficul-  c? 
ties  that  will  have  to  be  overcome  for  further  development  of  the  roi 
bubbling  method:  it  will  be  necessary  to  keep  the  metallic  re-  it 
ducing  agent  from  entering  the  TiCl^  delivery  feeder  and  to  find  tl 
ways  to  remove  the  reaction  products  from  the  inner  surface  of  at 
the  reactor  walls.  It  is  claimed  that  the  reduction  reactions  at 
above  the  surface  of  the  melt  can  be  eliminated  by  introducing  me 
one  of  the  reactants  into  the  melt.  to 


It  appears  that  additional  difficulties  will  arise  when  mag¬ 
nesium  is  used  as  a  reducing  agent  because  of  the  small  differ¬ 
ence  between  the  densities  of  molten  magnsMya  ssgnssi.ua 
chloride  [3132*  which  rmount  to  about  0.1  g/cm^  st  800°C.  When 
sodium  is  used  as  the  reducing  agent*  the  difference  is  about 
1  g/cm 3,  which  favors  accomplishment  of  the  process  by  the  bubbl¬ 
ing  method. 

One  proposal^6  calls  for  bubbling  through  art  inclined  reac¬ 
tor  (Pig.  76)  placed  at  an  angle  of  ^30°  to  the  horisontal.  Par- 
titlcn  1  >1  s  placed  parallel  to  the  longitudinal  axis  of  the  reac¬ 
tor  to  cause  circulation  of  melt.  TiCl^  vapor  mixed  with  argon 
is  fed  through  side  chamber  2*  in  which  the  pressure  is  slightly 
higher  than  in  the  reactor.  The  molten  magnesium  enters  through 
chamber  3*  As  they  rise*  the  magnesium  and  TiClj,  react  under  the 
roof  of  space  4.  There  is  always  a  layer  of  molten  magnesium  3 
on  the  melt  surface  in  the  reactor  to  prevent  the  TiCl^  from 
bursting  out  into  the  reactor's  gas  space.  The  titanium  that  is 
formed  is  carried  away  by  the  melt  current  into  settling  reser¬ 
voir  7*  from  which  pump  6  removes  it  from  the  reactor  to  settling 
tank  8.  The  excess  magnesium  chloride  is  released  from  the  set¬ 
tling  tank  through  spout  9. 

The  features  of  this  unit  Include  directional  circulation  of 
the  melt,  concentration  of  the  magnesium  and  TiCl^  vapor  under 
the  roof  of  zone  4*  and  their  slow  ascent  to  the  surface  of  the 
melt,  which  should  help  complete  the  reduction  reaction.  To  pre¬ 
vent  the  new  titanium  from  reacting  with  the  surface  of  the  roof 
in  zone  4,  it  is  recommended  that  this  surface  be  faced  with 
Footnote  (46)  is  on  page  447. 
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carbon  plates,  which  could  not  but  contaminate  the  titanium  with 

(If  7) 

carbon.  Later,  a  patent'  "was  awarded  for  a  reactor  filled  with 
magnesium  chloride  under  a  layer  of  magnesium.  A  ring  vault  was 
immersed  in  the  magnesium.  An  annular  bubbling  manifold  for  the 
titanium  tetrachloride  was  placed  on  the  floor  of  the  reactor, 
and  the  tetrachloride  reacted  with  the  magnesium  on  the  Inner 
surface  of  the  ring  vault.  The  titanium  deposited  here  was  re¬ 
moved  by  a  disk  scraper.  It  dropped  to  the  bottom  of  the  reac¬ 
tor,  from  which  it  was  extr  icted  through  the  magnesium  layer  for 
subsequent  refining. 

Since  introduction  oT  the  rese* 
tants  into  the  reactor- by  bubbling  pro- 
uuC'vv  uloperond  titanium,  it  was  sug¬ 
gested  that  they  be  compacted  by  press¬ 
ing,  which  would,  at  the  same  time, 
permit  continuous  removal  of  the  reac¬ 
tion  products  from  the  reduction  ap¬ 
paratus  . 

According  to  one  of  the  oronos- 
(48) 

sis,  7the  reactor  working  on  this 
principle  (Fig.  77)  takes  the  fora 
of  a  pipe  1  provided  with  an  external 
gas  heater  2.  Titanium  tetrachloride 
vapor  from  vaporiser  Z  enters  the  re¬ 
tractable  bubbler  a,  which  extends  in¬ 
to  chloride  melt  5<  A  layer  6  of 
liquid  magnesium  covers  this  salt 
layer.  Fresh  magnesium  —  solid  or 
liquid  —  is  Introduced  into  the  re¬ 
actor  through  pipe  7,  and  the  excess  magnesium  chloride  le  removed 
through  drainage  unit  8.  Reduction  le  carried  out  at  a  tempera¬ 
ture  of  about  850°C  in  the  reaction  sons.  On  accumulation  of  a 
certain  amount  of  dispersed  titanium  in  the  reactor,  bubbler  4  is 
withdrawn  from  the  reactor  and  hydraulic  cylinder  9  Is  actuated 
to  lower  piston  10,  which  compacts  the  titanium  in  the  bottom  of 
the  rea<  tor,  transforming  it  to  a  block  11  that  contains  about  901 
Footnotes  (47)  and  (48)  are  on  page  447. 
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Figure  77.  Diagram  of 
apparatus  for  contin¬ 
uous  titanium  produc¬ 
tion  with  reaction 
products  pressed  out. 
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Ti  (the  remainder  la  magnesium  and  magnesium  chloride). 

During  the  initial  phase  of  work  with  the  reactor,  formation 
of  block  11  is  assisteu  by  back  pressure  created  by  the  lower  pis¬ 
ton  12.  As  the  height  of  block  11  increases,  piston  12  moves  down 
together  with  block  11;  then  they  both  leave  the  reactor  through 
cooled  crystallizer  13>  Subsequent  pressing  of  block  11  proceeds 
without  piston  12,  by  friction  of  the  block  against  the  wall  of 
reactor  1  and  possibly  of  crystallizer  13. 

The  pressure  applied  to  the  block  of  titanium  must  be  suf¬ 
ficient  to  compact  it  and  squeeze  the  molten  magnesium  and  mag¬ 
nesium  chloride  out  of  the  block.  It  is  reported  that  the  piston 
must  develop  a  pressure  of  2  to  12.5  kgf/em2  in  order  to  produce 
a  relatively  dense  titanium  block  containing  10-153  magnesium  and 
magnesium  chloride.  It  appears  that  this  figure  must  be  substan¬ 
tially  increased  in  actuality-  To  prevent  excessively  strong 
cohesion  with  the  titanium  block,  crystallizer  13  is  slightly 
expanded  downward  (1:100). 

During  shaping  of  the  titanium  blosk,  the  bottom  of  the  block 
is  in  close  contact  with  solidifying  layers  of  the  fused  salt 
bath,  since  the  appropriate  temperature  is  maintained  here  by 
cooling  the  bottom  of  the  reactor.  A  thin  crust  of  hardened  salt 
forms  between  the  bottom  of  the  block  and  the  inner  surface  of 
the  crystallizer  as  a  result  of  chilling  by  their  surfaces. 

xo  regulate  teagierafcure  in  tnw  Swfiw  in  Which  the  pressed 
block  is  ejected  from  the  reactor,  one  of  the  more  recent  pat¬ 
ents*  that  the  crystalliser,  which  is  attached  at  the 

bottom  of  the  reactor,  be  provided  with  induction  heating.  Since 
the  inductor  takes  the  form  of  a  coil  through  which  cooling  water 
can  be  passed,  it  serves  as  a  cooler  when  switched  off.  Either 
the  crystallizer  wall  or  the  compacted  block  of  reaction  maaa  ia 
heated  by  high-frequency  current,  thus  forming  an  interlayar  of 
fused  salt,  which  makes  it  easier  to  extract  the  block. 

Patent*  "^describes  a  combination  of  bubbling  and  pressing. 
The  reactor  is  oval  in  shape,  does  not  have  the  upper  piston,  and 
uses  two  vertical  worms,  which  are  so  arranged  as  to  clean  the 
Footnote  (^9)  and  (50)  are  on  page  M7. 
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titanium  product  not  only  from  the  reactor  walls,  but  also  from 
one  another,  to  transport  the  sponge  downward  and  compact  it. 

The  worms  are  hollow  and  can  be  cooled  with  a  liquid,  such  as 
titanium  tetrachloride. 

This  reactor  design  would  appear  to  be  less  successful  than 
the  version  in  which  a  piston  Is  used  for  expression. 

Patent^^also  describes  a  press  for  compacting  the  reaction 
products  and  their  removal  from  reduction  apparatus .  Titanium 
tetrachloride  and  molten  magnesium  are  fed  onto  the  surface  of  an 
internally  cooled  cone  placed  in  the  reactor  in  an  inclined  posi¬ 
tion.  The  cone  is  rotated  slowly,  with  the  result  that  reaction 
products  that  have  stuck  to  its  surface  are  passed  under  a  press 
piston  on  one  side  sf  the  ;on«,  which  moves  vertically  In  contact 
with  the  generatrix  of  the  cone.  As  it  comes  down,  the  piston 
strips  the  reaction  s&sa  from  the  Surface  of  the  cone  into  a  bot¬ 
tom-opening  drawing  plate.  The  mass  is  compacted  in  this  plate 
and  expelled  in  the  form  of  an  extruded  block. 

To  improve  the  cohesion  of  the  extruded  blooks  of  reaction 
mass,  it  has  been  proposed  that  the  ram  of  the  press  be  fitted 
with  projections  half  as  high  as  the  layer  of  mass  to  be  com¬ 
pacted/^ 

Reduction  with  Process  Localized  at  the  Canter  of  the  Reactor 

A  number  of  patents  have  proposed  versions  of  the  continuous 
process  in  which  a  block  of  reaction  mass  la  grown  in  the  center 
of  the  reactor.  The  reactor  wall  la  vigorously  cooled, and  a  liner 
builds  up  on  It  and  prevents  adhesion  of  the  reaction-mase  block 
to  the  wall.  If  the  reduction  reaction  manages  to  take  place  at 
the  inner  surface  of  the  liner  in  spite  of  its  low  temperature, 
it  would  appear  that  tha  resulting  reaction  mass  would  be  unable 
to  mesh  with  the  liner  surfaoe. 

Patent^53  proposes  the  apparatus  shown  in  Fig.  78. 

The  reactor  1  is  a  double-walled  cylinder  with  a  codling 
liquid  between  its  walls.  To  prevent  condensation  of  TiClj,,  the 
reactor’s  internal  surface  must  be  at  a  temperature  no  lower  than 
Footnotes  (51),  (52)  and  (53)  are  on  page  4*7. 
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150°C.  The  tetrachloride  is  delivered  through  pipe  2  into  reac¬ 
tion  zone  3j  magnesium  is  fed  into  the  reaction  zone  through  gland 
*t  in  the  form  of  rod  5-  The  reaction  products  form  a  block  6,  she 
top  of  which  is  in  the  liquid  bath  7,  which  consists  of  magnesium 
chloride  and  magnesium. 


Figure  78.  Diagram  of  apparatus  for  contin¬ 
uous  titanium  production  with  process  local¬ 
ised  at  center  of  reactor. 


To  obtain  a  more  contact  reaction  mass,  the  TiCl^  pressure 
in  the  apparatus  is  held  in  the  3-5-ata  range.  It  is  proposed 
that  the  shrinkage  of  the  reaction-aass  block  aa  it  chills  will 
weaken  its  grip  on  the  reactor  inner  surface  and  that  it  will 
sink  under  its  own  weight.  Nevertheless,  rolls  8  are  provided 
for  extraction  of  the  block.  The  block  is  then  heated  to  a  tem¬ 
perature  above  the  melting  point  of  MgClg.  Here,  about  2/3  of 
the  NgClg  drains  out  and  1/3  is  trapped  by  the  titanium  sponge. 
The  magnesium  chloride  left  in  the  block  is  removed  by  the  con¬ 
ventional  methods,  e.g.,  vacuum  distillation. 

Note  is  taken  of  the  advantages  of  inclining  such  apparatus: 
without  changing  the  reactor  diameter  (which  is  essential  for 
strong  cooling  of  the  reactor),  the  magnesium  con  be  introduced 
at  several  point?,  since  the  surface  of  the  aelx;  in  an  inclined 
reactor  la  an  ellipse.  It  is  claimed  that  the  specific 
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productivity  of  the  proposed  reactor  (per  unit  of  reactor  cross 
sectional  area)  could  be  5-10  times  higher  than  those  of  ordinary 
interaittsnt^prcccss  reactors. 

It  is  reported  in  another  similar 

(Kh) 

patent  that  the  sponge  forms  in  a 
circle  whose  diameter  is  several  times 
the  diameter  of  the  original  magnesium 
rod,  since  some  of  the  malting  magnesium 
manages  to  spread  out  over  the  surface  of 
the  magnesium  chloride  melt  before  it  is 
entirely  consumed  by  reduction.  Por  this 
reason,  the  reactor  diameter  must  be  5-6 
times  the  diameter  of  the  magnesium  rod 
fed  into  it. 

Por  the  reaction  to  proceed  at  maxi¬ 
mum  speed,  the  end  of  the  magnesium  rod 
must  remain  at  about  125*250  mm  from  the 
melt  surface.  Reducing  or  increasing  this 
distance  slows  down  the  reaction. 

The  utilization  of  magnesium  may 
range  up  to  971,  and  the  rate  of  titan¬ 
ium  tetrachloride  delivery  up  to  150  g/h 
per  square  centimeter  of  reactor  cross  section. 

Patent' ''  describes  an  apparatus  or  similar  design  but  with 
a  device  for  drainage  of  the  magnesium  chloride.  The  reaetnr 
(Pig.  79)  has  a  cooled  wall  1,  on  which  a  liner  2  !s  built  up. 

The  titanium  tetrachloride  enters  through  pipe  3,  and  *h«  mag¬ 
nesium  rod  4  is  introduced  through  gland  5.  To  hold  the  level  of 
the  molten  magnesium  chloride  constant  in  the  reactor,  the  excess 
obloride  is  removed  through  externally  heated  drainage  device  6, 
which  is  mounted  just  below  the  reduction  zone.  It  is  claimed 
that  up  to  901  of  the  magnesium  chloride  product  can  be  removed 
from  the  reactor  through  this  system.  The  block  7  of  reaotion 
mass  is  extracted  from  the  reactor  by  rolls  8. 

Footnotes  (54)  and  (55)  are  on  page  447. 


Figure  79.  Diagram 
of  apparatus  for 
continuous  titan¬ 
ium  production 
with  proeass  local¬ 
ized  at  center  of 
reactor  and  mag¬ 
nesium  chloride 
drainage. 
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Figure  80.  Diagram  of  appa¬ 
ratus  for  semicontinuous  pro¬ 
duction  of  titanium. 


The  same  patent  proposes  a 
variant  of  the  reactor  design, 
which  is  to  be  fed  with  a  liquid 
reducing  agent  such  as  sodium. 

Figure  80  presents  a  dia¬ 
gram  of  the  bell-type  reduction 
apparatus,  whose  design  is  based 
on  the  same  principle  of  utiliz¬ 
ing  a  liner  layer  to  eliminate 
cohesion  of  the  sponge  with  the 
inner  surface  of  the  reactor/ 

The  reduction  reaction  pro¬ 
ceeds  under  bell  1,  into  which 
titanium  chloride  is  feu  through 
pipe  2  and  the  magnesium  rod  4 
through  gland  3.  The  bottom  of 
bell  1  is  cooled  tc  form  liner 

5  on  its  surface.  The  reaction-mass  block  6  i3  grown  on  canti¬ 
lever  support  7,  which  is  lowered  as  the  block  grows.  When  the 
block  has  reached  a  certain  height,  support  7  is  rotated  to  bring 
block  6  into  cooling  chamber  8.  The  bottom  of  the  reactor  is 
filled  with  liquid  magnesium  chloride  9. 

A  block  of  oponge  200-300  mm  in  diameter  is  obtained  from  a 
magnesium  rod  30  mm  in  diameter.  The  level  of  the  sponge  above 
the  melt  is  held  constant  by  means  of  a  radioisotope  level  gauge. 

The  patent  claims  that  this  reactor  can  be  operated  contin¬ 
uously  if  reaction-mass  block  6  is  extracted  through  the  floor  of 
the  reactor. 

The  four  patents  discussed  above  provide  for  high  rates  of 
titanium  tetrachloride  reduction  in  the  center  of  the  reactor  in 
the  presence  of  a  magnesium  chloride  liner  on  its  inner  surface. 
Rough  calculations  made  by  I.N.  Rafalovich  indicate  that  the  liner 
on  the  reactor  wall  presents  no  significant  obstacle  to  dissipa¬ 
tion  of  the  excess  reduction-reaction  heat  from  the  reactor  [3093. 


Pootnote  (56)  is  on  page  447. 
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With  forced  cooling  of  the  reactor  outer  surface  to  compara¬ 
tively  low  temperatures,  e.g.,  500°C  and  lower,  a  magnesium  chlo¬ 
ride  lining  forms  on  its  inner  surface.  Its  thickness  will  be 
determined  by  the  temperature  in  the  reaction  zone  and  on  the 
outer  reactor  surface,  or,  in  other  words,  on  the  rate  of  dissi¬ 
pation  of  heat  from  the  reactor.  If  for  some  reason,  the  reac¬ 
tion-zone  temperature  rises,  the  liner  thickness  will  increase 
accordingly  if  the  rate  of  reactor  cooling  is  unchanged.  Reduc¬ 
ing  the  liner  thickness  accelerates  transfer  of  heat  through  the 
reactor  wall,  i.e.,  it  creates  the  requisites  for  lower  reaction- 
zone  temperature.  Thus,  the  liner  will  to  some  degree  stabilize 
temperature  conditions  in  the  reactor. 

The  liner  will  also  fora  spontaneously  even  above  the  level 

of  thd  magnesium  ohl  ftrl  jwaI  t  In  f.H®  noa  aw  au4  f  a  a  am  a  an « 

•“*  ”  * -  — ...—  —V  — «••««  —  WMWWw*  2  wv  VV  'wUlIVVMU  U 

tion  of  magnesium  chloride  vapor  and  deposition  of  lower  titanium 
chlorides  along  with  the  magnesium  chloride. 

According  to  a  patent  cited  earlier1 0 1  ;the  purpose  of  draining 
magnesium  chloride  is  to  remove  it  more  thoroughly  from  the  block 
that  is  produced.  Because  of  the  presence  of  the  drainage  unit, 
the  magnesium  is  delivered  not  onto  the  surface  of  the  HgCl2  melt, 
but  onto  the  titanium  block  projecting  from  it.  Another  patent^ ^ 
takes  note  of  yet  another  advantage  of  this  reduction  method  — 
the  acceleration  of  the  reduction  process  that  results  from  its 
taking  place  on  a  vertical  surface  presented  by  the  growing  titan¬ 
ium  block.  Here  the  block  is  grown  on  the  moveable  support  in 
such  a  way  that  the  top  of  the  block  will  at  all  times  be  above 
the  f used-salt  level. 

It  was  shown  experimentally  in  a  study  by  V.A.  Pazukhin  and 
V.A.  Shubin  that  removal  of  the  chloride  from  the  reduction-re¬ 
action  zone  Increases  the  rate  of  this  reaction  [317]. 

/  CQ  \ 

One  patentw  'also  proposes  that  the  reduction  be  carried  out  in 
a  bell-type  unit,  but  at  a  temperature  above  the  boiling  point  of 
magnesium  chloride,  so  that  the  magnesium  and  magnesium  chloride 
impurities  present  in  the  "stalagmite"  can  be  removed  from  it  at 
once. 

Pootnotes  (57),  (58)  and  (59)  are  on  page  ^47. 
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The  above  designs  of  liner-type  reduction  reactors  proposed 
as  their  basic  variant  delivery  of  the  magnesium  into  the  reac¬ 
tor  in  the  form  of  grafted  rods.  It  is  assumed  that  the  magnesium 
will  melt  in  the  reactor  and  react  with  the  titanium  tetrachloride 
as  it  spreads  out  over  the  surface  of  the  magnesium  chloride  melt 
or  the  block  of  reaction  mass.  A  patent  mentioned  earlier^ "^liotes 
that  the  magnesium  can  also  be  fed  into  the  reactor  in  liquid  form. 

The  patent  claims  that  the  lower  chlorides  of  titanium  do  not  form 
in  the  reactor. 

(60) 

Another  patent  mentions  the  need  for  periodic  cleaning  of 
the  top  of  the  reactor  (above  the  melt)  to  remove  the  lower  chlo¬ 
rides  . 

Reduction  by  Amalgams 

Among  the  continuous  methods  that  have  been  proposed  for  ti¬ 
tanium  production,  those  in  which  the  titanium  tetrachloride  Is 
reduced  by  an  amalgam  of  the  reducing  metal  form  a  class  of  their 
own.  Patents  have  been  issued  in  various  countries  for  variations 
of  this  method,  for  example,  to  Xennecott  Copper^1’  ®2^and  Imper¬ 
ial  Chemical  Industries 5®^*  ^  This  method  has  also  been  under 
development  at  a  pilot  plant  in  Austria  [318,  319]. 

The  patent  proposals^1”^ ^recommend  the  reduction  of  TlCl^ 
at  temperatures  of  45~105°C  with  vigorous  mixing  of  the  reactants. 

To  prevent  formation  of  lower  titanium  chlorides,  it  is  necessary 
that  at  least  a  twofold  excess  of  sodium  over  stoichiometric  be 
present  in  the  reactor. 

It  should  be  noted  that  the  possibility  of  single-stage  re¬ 
duction  directly  to  the  metal  at  temperatures  around  100°C  appears 
highly  doubtful,  since  the  formation  of  solid  sodium  chloride  and 
lower  titanium  chlorides,  as  well  as  the  dispersed  form  of  the 
titanium  produced,  would  have  to  interfere  with  reduction.  This 
is  confirmed  by  published  results  obtained  in  developmental  work 
on  the  amalgam  method  [318,  319]* 

(65) 

A  number  of  improvements  have  been  proposed  ■  for  the  amal¬ 
gam  process}  increasing  the  sodium  content  in  the  amalgam  to  3- 
4 . 531,  introducing  the  amalgam  into  the  reactor  in  vapor  form, 

Footnotes  (57),  (60),  (61),  (62),  (63),  (64)  and  (65)  are  on  page  UWj . 
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holding  the  reactor  temperature  somewhat  higher  than  800°C  sc 
that  the  sodium  chloride  will  be  separated  as  a  liquid,  or  con¬ 
ducting  the  process  at  about  1500° C  to  produce  the  sodium  chloride 
as  a  vapor.  The  reaction  products,  which  represent  a  mixture  of 
mercury  and  sodium  vapors,  droplets  of  sodium  chloride,  and  ti¬ 
tanium  particles  in  the  former  case  or,  in  the  latter  case,  vapor¬ 
ized  mercury,  sodium,  and  sodium  chloride  and  titanium  particles, 
are  introduced  into  a  cyclone  housed  inside  the  reduction  apparat¬ 
us  for  separation  of  the  solid  phase  or  the  mixed  solid  and  liquid 
phases  from  the  gaseous  phase.  Then  the  titanium  particles  are 
separated  from  the  sodium  chloride  either-  by  filtx'ation  at  temper¬ 
atures  above  800°C  or  by  vacuum  separation. 

Configurating  the  process  in  which  titanium  tetrachloride  is 
reduced  by  sodium  amalgam  as  a  continuous  process  does  not  Improve 
it  substantially,  so  that  it  would  appear  to  have  little  chance  of 
industrial  application.  Since  the  stage  in  which  the  titanium 
is  extracted  from  the  reduction-reaction  products  remains  inter¬ 
mittent,  the  amalgam  processes  examined  here  would  be  more  cor¬ 
rectly  termed  semi continuous. 

Other  Continuous  Reduction  Processes 

Xn  one  proposal  f^the  reducing  agent  is  granular  magnesium 
from  hopper  1  (Fig.  81),  which  batcher  2  sprinkles  on  internally 
cooled  disk  3.  The  disk  rotates  at  a  linear  velocity  of  about 
3  m/min.  The  reactor  is  filled  with  TiClj,  vapor.  After  the  time 
needed  to  heat  the  magnesium  to  the  reaction  temperature  (710- 
850°C),  it  begins  to  interact  with  the  TiCij,.  Since  the  magnes¬ 
ium  is  heated  gradually,  the  reaction  proceeds  smoothly,  the  mag¬ 
nesium  "glows,"  titanium  sponge  4  forms  on  the  disk,  and  the  mag¬ 
nesium  chloride  drains  to  the  bottom  of  the  reactor  for  removal 
from  the  reaction  zone. 

An  ejector  placed  in  operation  at  periodic  intervals  removes 
the  sponge  from  the  disk,  making  room  for  a  new  portion  of  mag¬ 
nesium. 

The  authors  of  this  patent  underestimate  the  ability  of  TiCljj 
to  undergo  reduction  to  the  lower  chlorides  instead  of  the  metal 


Footnote  (66)  is  on  page  447. 
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at  comparatively  low  temperatures.  Although  it  is  claimed  in  the 
patent  that  this  method  of  titanium  production  satisfies  all  re¬ 
quirements  made  of  a  continuous  method,  it  is  more  probable  that 
lower  titanium  chlorides  will  form  preferentially  under  the  con¬ 
ditions  proposed. 


Figure  81.  Diagram  of  equipment  for  contin-  compara 

v.ous  titanium  production  using  granular  mag-  hou 

nesium. 

Th 

Note  must  be  taken  of  the  inexpediency  of  one  of  the  elements  on  duri 

of  the  reactor  shown  in  Fig.  81.  The  fragments  of  titanium  sponge,  »j«0 

from  which  a  large  part  of  the  magnesium  chloride  has  been  re-  ls  dlvi 

moved,  are  dropped  back  into  the  magnesium  chloride  melt  for  sub-  tion,  r> 

sequent  extraction  by  worm  5-  drum  in 

The  drum-reactor  deslgrf^Vor  which  the  British  firm  Imperial  the  Hqi 

Chemical  Industries  has  been  awarded  a  patent  is  much  better  mixed  ai 

thought-out.  directi' 

Pootnote  (67)  is  on  page  447. 
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The  reactor  (Fig.  82)  is  a 
horizontal  or  slightly  inclined 
drum  1  in  rotation  at  a  compara¬ 
tively  low  circumferential  speed 
—  about  20  m/min.  The  starting 
reactants  —  titanium  tetrachlo¬ 
ride  and  liquid  sodium  —  are 
fed  into  the  reactor  through 
hollow  shaft  2  through  two  con¬ 
centric  pipes  3  and  U,  with  the 
central  pipe  iJ  used  for  the  so- 


Figure  82.  Diagram  of  drum- 
type  apparatus  for  contin¬ 
uous  titanium  production. 


diurn.  It  is  noted  in  the  patent  that  this  method  of  delivering 


the  starting  reagents  eliminates  the  possibility  of  reduction 


products  building  up  on  the  ends  of  the  feeder  pipes,  since,  in 


the  event  that  titanium  sponge  is  deposited  on  the  end  of  either 
pipe  3  or  4,  this  sponge  reacts  immediately  with  the  excess  TiCl^ 
to  form  lower  titanium  chlorides,  which  can  be  washed  into  the 


bottom  of  the  drum  foi*  further  reduction  to  the  metal. 


Since  the  drum  is  rotated,  the  titanium  sponge  forms  as  15- 
20-mm  granules,  which  do  not  adhere  to  the  inner  surface  of  the 
drum  and  are  removed  from  it  together  with  the  sodium  chloride 
through  "scroll"  5,  which  is  fitted  to  the  second  hollow  shaft  6. 

It  is  stated  that  since  the  reaction  zone  in  this  unit  is 
comparatively  large,  it  is  highly  productive:  60  kg  of  titanium 
per  hour  at  a  diameter  of  1200  mm  and  a  length  of  600  mm. 

The  external  gas  heating  system  of  the  reactor  is  switched 
on  during  the  initial  phase  of  its  operation. 

To  improve  the  interaction  between  the  reactants,  the  drum 
is  divided  by  partitions  7  into  several  compartments.  In  addi¬ 
tion,  rectangular  bars  8  are  secured  to  the  inner  surface  of  the 
drum  in  each  of  these  compartments.  Thus,  as  the  drum  rotates, 
the  liquid  phases  overflow  from  ledge  to  ledge  and  are  thoroughly 
mixed  and  transported  from  one  compartment  to  the  next  in  the 
direction  of  the  exit  shaft. 
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The  patent  claims  that  not  only  sodium,  but  also  magnesium, 
which  can  be  delivered  in  liquid  form  or  in  small  fragments 
through  the  same  hollow  shaft  2,  can  be  used  as  the  reducing 
agent. 

This  drum  reactor  has  a  number  of  interesting  features :  con¬ 
tinuous  renewal  of  the  reducing-metal  surface,  which  may  give  a 
rather  high  reduction  rate  owing  to  the  large  area  of  the  reaction 
gone;  production  of  the  metal  in  the  form  of  granules  makes  it 
easier  to  process  them  later,  as  by  mixing  with  alloying  additives 
and  pressing  Into  consumable  electrodes. 

However,  It  Is  reported  in  a  later  patent^® Awarded  to  the 
same  firm  that  difficulties  had  arisen  in  operation  of  this  unit: 
periodic  formation  of  very  large  titanium  aggregates  that  would 
not  fit  into  the  exit  pipe.  The  suggestion  offered  to  correct 
this  effect  was  to  reduce  the  rate  of  redudng-agent  delivery  into 
the  reactor  at  periodic  Intervals,  thereby  promoting  the  reaction 
between  titanium  tetrachloride  and  titanium,  whloh  results  in 
smaller  sixes  of  the  aggregates.  This  procedure  aould  hardly  be 
regarded  -as  rational ,  since  the  titanium  tetrachloride  would  re¬ 
act  not  only  with  the  large  aggregates  of  the  metal,  but  also  — 
and  apparently  with  even  greater  rapidity  —  with  the  smaller  ones. 

The  widespread  use  of  the  plasma  Jet  gives  rise  to  the  ques¬ 
tion  as  to  whether  It  might  be  used  to  produoe  titanium.  It  is 
theoretically  possible  to  heat  the  starting  material,  e.g.,  titan¬ 
ium  tetrachloride,  to  Its  dissociation  temperature  in  a  plasma  Jet. 
However,  as  is  correctly  observed  In  a  study  devoted  to  applica¬ 
tion  of  plasma  heating  In  metallurgy  [3253,  the  basic  difficulty 
will  be  prevention  of  the  reverse  reaction  In  which  titanium  chlo¬ 
rides  are  formed  as  the  dissociation  products  are  subsequently 
cooled. 

The  reaction  In  which  magnesium  oxide  is  reduced  by  carbon 
at  2000° C  with  formation  of  gaseous  products  —  magnesium  vapor 
and  carbon  monoxide  —  was  accomplished  on  an  industrial  scale  as 
long  as  about  30  years  ago.  When  these  products  were  cooled 
slowly,  the  reverse  reaction  went  to  100$  completion.  However, 
"quenching1*  of  the  same  mixture  with  cooling  to  a  temperature 
Footnote  (68)  is  on  page 
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below  200°C  within  thousandths  of  a  second  made  it  possible  to 
produce  extremely  fine  magnesium  powder  in  a  yield  of  about  90  J. 

The  higher  the  temperature  of  a  plasma  process,  the  larger 
will  be  the  amount  of  coolant  required  for  instant  lowering  of 
the  temperature  of  the  titanium-chloride  dissociation  products  to 
a  value  at  which  the  reverse  reaction  no  longer  occurs.  As  in 
the  production  of  magnesium  by  this  method,  processing  the  ex¬ 
tremely  fine  titanium  powder  intc  compact  metal  will  give  rise  to 
considerable  difficulty.  In  the  case  of  magnesium,  this  was  ac¬ 
complished  by  the  use  of  a  complicated  and  expensive  periodic 
sublimation  method,  since  it  was  impossible  to  re me It  the  ex¬ 
tremely  fine  dust;  this  process  is  not  suitable  for  titanium,  and 
it  would  be  necessary  to  seek  other  ways. 

Patent^  proposes  reduction  of  titanium  tetrachloride  by 
atomic  hydrogen  at  a  temperature  above  3500* C.  The  burner  is 
fed  a  mixture  of  hydrogen  with  titanium  tetrachloride.  The  liquid 
titanium  that  is  formed  is  absorbed  in  a  liquid-titanium  bath  con¬ 
fined  in  a  titanium  liner.  The  hydrogen  chloride  produced  in 
this  reaction  is  delivered  to  a  heat  exchanger  and  thence  to  users 
or  for  neutralisation.  It  is  doubtful  whether  this  process  could 
be  used  in  practice. 

Thus,  substantial  technological  and  design  difficulties  must 
be  overcome  before  the  presently  known  high-te^erature  titanium- 
producing  processes  become  a  practical  reality. 

Extraction  of  Titanium  from  Rasctlon  Mas* 

A  number  of  patents  have  proposed  that  the  products  extracted 
from  continuous-duty  reactors  be  processed  into  the  metal  by  con¬ 
ventional  methods.  However,  vacuum  separat  n  of  the  reaction 
mass  is  an  extremely  expensive,  intermittent,  and  unproductive 
process.  Its  use  brings  to  naught  the  advantages  gained  by  con¬ 
tinuous  reduction.  Ordinary  leaching  of  the  reaction  mass  is  also 
irrational,  since  acceleration  of  the  reduction  process  often  pro¬ 
duces  dispersed  titanium,  which  undergoes  rapid  oxidation  during 
leaching.  Thus,  new  or  improved  methods  for  extracting  the  titan¬ 
ium  from  the  reduction  products  must  be  sought  along  with 
Footnote  (69)  is  on  page  448. 
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Figure  83.  Diagram  of 
unit  for  increasing 
sis*  of  titanium  par¬ 
ticles  in  reaction 
mass  by  heating  them 
with  high-frequency 
current.  1)  Supply  of 
initial  material  and 
argon;  2)  sintering 
zone;  3)  Inductors; 

4)  heat-treatment 
zone;  5)  heat  and 
electrical  insula¬ 
tion;  6)  cooling  zone; 
7)  water  Jacket;  8) 
sintered  block  of  re¬ 
action  mass. 


To  accelerate  vacuum  separation, 
it  is  recommended  that  the  process  be 
run  at  temperature  above  the  boiling 
points  of  magnesium  chloride  (l4l8°C) 
and  sodium  chloride  (1465°C).  It  is 
proposed  that  either  graphite  drip  pans 
placed  in  a  tunnel  furnace^70^or  a  vi¬ 
bration  conveyor  in  the  furnace^71\>e 
used  for  this  purpose.  In  view  of  the 
need  for  holding  the  material  being 
processed  at  1500-1700° C,  the  practical 
value  of  these  proposals  is  highly 
doubtful. 

Proposals  calling  for  refining 
of  the  reaction  mass  by  leaching  with 
preliminary  high-temperature  holding  to 
aggregate  and  passivate  the  titanium 
particles  are  more  rational. 

To  aggregate  the  titanium  sponge, 

it  is  recommended  that  the  reaction  mass 

(7?) 

be  heated  briefly  in  a  graphite  retort' 
to  1400°C  with  subsequent  leaching.*7^ 

High-frequency  heating^7**’  7^s 
more  rational  for  this  purpose.  The 
dispersed  reaction  mass  is  loaded  into 
a  vertical  high-frequency  furnace  (Tig. 
83)  fitted  with  two  inductors:  an  upper 
inductor  for  low-temperature  heating, 
and  a  lower  one  for  heating  to  1500- 
1700°C.  The  diameter  of  the  upper  zone 
is  100  am,  and  that  of  the  lower  zone 
150  ma  to  eliminate  the  possibility  of 
the  titanium  block  coming  into  contact 


with  the  furnace  wall.  In  the  upper  zone  of  the  furnace,  the  ti¬ 
tanium  particles  are  sintered  at  900°C  into  a  block  that  is  heated 
Footnotes" (70),  (71),  (72),  (73),  (74)  and  (75)  are  on  page  448. 
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to  1600-1650° C  in  about  three  minutes  in  the  lower  zone.  The  pro¬ 
ductivity  of  a  furnace  wi1,h  these  dimensions  is  about  20  kg  of 
titanium  per  hour.  The  specific  surface  area  of  the  titanium  is 
reduced  from  0.22  to  0.04  m^/g  as  a  result  of  the  treatment  de¬ 
scribed. 

(76) 

The  unit  described  in  patent  'operates  on  a  similar  prin¬ 
ciple.  It  is  reported  that  the  titaium  particles,  rather  than 
the  salt,  which  is  not  electrically  conduct:  e,  arc  heated  pre¬ 
ferentially  In  a  high-frequency  field.  The  temperature  of  the 
titanium  particles  may  reach  1600-1700°C,  i.e.,  their  melting 
point,  within  a  few  seconds.  The  temperature  of  the  salt  sur¬ 
rounding  the  titanium  particles  rises  only  from  750  to  910°C  dur¬ 
ing  this  time.  As  a  result,  the  speoiflc  surface  area  of  the  ti¬ 
tanium  can  be  reduced  by  a  factor  of  about  20  —  from  0.4  to  0.02 
m2/g- 

According  to  these  patents,  the  electric  power  consumed  for 
the  operation  is  about  1.5  kV*h/kg. 

Obviously,  the  surface-melted  or  thoroughly  sintered  titan¬ 
ium  particles  can  be  separated  from  the  solid  salt  with  no  parti¬ 
cular  difficulty. 

Interest  attaches  to  the  report  discussed. in  Chapter  12  on 
industrial-scale  application  of  continuous  leaching  to  magnesio- 
thermlc  reaction  mss  in  an  Inclined  rotating  drum  2.44  m  in  diam¬ 
eter  and  20.2  m  high  at  the  TMCA  titanium  plant  at  Henderson 
[327].  It  is  reported  that  the  operating  cost  of  the  leaching 
process  was  reduced  30X  on  transition  to  the  continuous  process. 
Before  the  industrial  apparatus  was  built,  experiments  were  run 
on  glass  models,  and  a  semllndustrlal  installation  12  a  long  and 
1.2  m  in  diameter  was  tested. 

A  patent  discussed  ear lier^ proposed  that  the  reaction  mass 
be  extracted  from  the  reduction  apparatus  as  a  consumable  elec¬ 
trode  for  are-furnace  melting.  Mo  data  have  been  published  on 
the  use  of  this  proposal  in  titanium  production. 

However,  it  has  been  reported  that  this  technology  is  used 
to  produce  sirconiua  [3143.  The  zirconium  is  obtained  as  a  fine 
Footnotes  (76)  and  (77)  are  on  page  448. 
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powder  with  particle  sizes  no  greater  than  30  um  In  a  reactor 
150  mm  in  diameter.  Nevertheless,  pressing  is  successful  and 
produces  a  block  containing  91$  zirconium,  3$  reducing  metal,  and 
6$  salts.  The  density  of  the  block  is  about  85$  of  the  density 
of  zirconium.  The  impurities  present  in  the  block  (reducing 
metal  and  salts)  are  for  the  zsor-t  part  in  its  outer  layers  and 
are  removed  by  skinning  it  on  a  machine.  Nipple  Joints  are  cut 
into  the  block  simultaneously,  and  it  goes  directly  for  remelting 
in  a  vacuum  arc  furnace,  where  it  is  used  as  a  consumable  elec¬ 
trode.  Because  of  the  volatile  inclusions  present  in  the  block, 
the  arc  furnace  is  fitted  with  a  heavler-duty  vacuum  system  and 
traps  for  the  vapors  of  the  reduclng-agent  and  salt  impurities.  A 
seoond  remelting  of  the  ingot  is  carried  out  under  ordinary  condi¬ 
tions. 

It  is  noted  in  [314]  that  the  continuous  prooess  makes  it 
possible  to  obtain  sirconium  (titanium)  of  high  purity  with  con¬ 
stant  impurity  content  and  composition.  Alloying  components  for 
production  of  alloys  are  loaded  into  the  reactor,  which  also  takes 
scrap.  For  example,  the  alloy  "Ziroalloy  2,"  which  contains 
several  alloying  additives,  has  been  produced  in  this  way. 

A  larger,  industrial  reactor  200  mm  in  diameter  was  built 
later,  also  for  zirconium  production.  This  reactor  was  found  to 
be  four  times  more  productive  than  the  conventional,  intermittent- 
type  industrial  reactor  [315]. 

The  claim  that  an  arc  furnace  had  been  used  successfully  to 
melt  consumable  electrodes  containing  only  91$  of  the  metal  was 
received  with  certain..reservations ,  since  it  is  known  that  even  a 
relatively  small  increase  in  chloride  content  In  titanium  sponge 
congjllcates  the  titanium-remelting  process  when  ordinary  vacuum 
arc  furnaces  are  used. 

Indeed,  it  became  known  two  years  later  that  persistent  at¬ 
tempts  to  adapt  arc  melting  for  consumable  electrodes  containing, 
in  addition  to  zirconium,  10-15$  of  volatile  impurities  —  the 
reducing  metal  and  its  chloride  —  had  met  with  failure.  Before 
melting,  consumable  electrodes  produced  by  direct  pressforming  of 
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reaction  mass  had  to  be  vacuum-separated  tt  •■•iuce  their  volatile 
content  from  15-20$  to  0.6$  [321].  Thus,  it  had  not  been  possi¬ 
ble  to  design  a. continuous  Industrial  slrconlum  production  proc¬ 
ess;  the  process  was  in  fact  semi continuous,  although  It  still  had 
a  number  of  advantages  over  the  intermittent  process. 

The  technology  described  above  for  continuous  zirconium  pro¬ 
duction  was  thoroughly  tested  on  the  laboratory  scale  [326].  Con¬ 
ditions  under  which  pressformed  blocks  containing  90 $  of  the  metal 
and  lOg  of  the  salt  were  established.  As  would  be  expected,  at¬ 
tempts  to  melt  such  blocks  in  an  arc  furnace  resulted  in  spatter¬ 
ing  of  the  metal  and  extinction  of  the  arc. 

It  is  obvious  that  arc-furnace  designs  for  re melting  of  con¬ 
sumable  electrodes  containing  substantial  quantities  of  volatile 
substances  must  make  provision  for  the  inevitable  spattering  of 
droplets  of  the  melting  metal  that  results  from  the  formation  of 
large  amounts  of  reduelng-metal  and  chloride  vapor  during  melting. 
One  of  the  patonts^^desorlbes  such  an  arc-furnace  design  (Fig. 
84).  It  has  a  water-cooled  casing  1  into  which  the  consumable 
electrode  2  is  introduced.  The  other  pole  is  the  cooled  table  3, 
which  is  turned  by  electric  motor  4.  The  drops  of  titanium  5 
formed  on  melting  drop  onto  table  3,  f*om  which  they  are  slung 
by  centrifugal  force.  On  striking  the  cold  wal?  of  the  furnace 
casing  1,  the  drops  freeze  into  beads  that  drop  to  the  bottom  of 
the  furnace,  from  which  they  are  extracted  throujh  unloader  6. 

The  volatile  impurities  —  magnesium  and  magnesium  chloride  — 

•re  deposited  as  a  solid  condensate  7  at  the  top  of  the  furnace. 
This  condensate  is  removed  when  the  furnace  is  opened  before  the 
next  melting  operation. 

Patent^9  Wopo®«®  ®  furnace  of  somewhat  different  design 
(Pig.  85).  The  consumable  electrode  1  is  introduced  into  furnace 
2  from  the  side.  The  second  pole  is  rotating  drum  3,  which  is 
made  of  titanium;  the  liquid  used  to  cool  it  enters  and  leaves 
through  the  hollow  shafts  4.  The  titanium  droplets  freeze  in 
flight  into  spherical  granules  5.  Consumable  electrodes  for  the 
remelting  that  follows  are  made  from  these  beads  by  sintering 
with  electric  current.  It  is  reported  that  the  volatile  content 
Footnotes  (?8)  and  (79)  are  on  page  448. 
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Figure  84.  Diagram  of 
aro  furnace  with  turn¬ 
table  for  melting  con¬ 
sumable  electrodes  con¬ 
taining  volatile  com¬ 
ponents  . 


nace  through  lock  6. 


.  . . 


Figure  85.  Diagram  of  arc  fur¬ 
nace  with  rotating  drum  for 
melting  consumable  electrodes 
containing  volatile  components. 


In  the  consumable  electrode  for 
this  furnace  may  range  up  to  50$. 
Melting  takes  place  In  an  inert- 
gas  atmosphere.  The  titanium 
granules  and  the  condensed  par¬ 
ticles  of  the  volatile  Impuri¬ 
ties  are  unloaded  from  the  fur- 


Patent  reports  that  the  sodium  chloride  content  of  the 
consumable  electrode  may  not  exceed  15$,  since  otherwise  it  loses 
mechanical  strength.  To  produce  the  consumable  electrodes,  the 
reaction  mass  Is  rolled  at  900°C  in  steel  containers  with  perfo¬ 
rated  partitions  to  separate  the  salt  from  the  metal.  The  patent 
does  not  Indicate  methods  for  melting  these  electrodes. 

Titanium  consumable  electrodes  containing  volatile  impuri¬ 
ties  may  also  be  melted  by  Induction  In  a  water-cooled  copper 
crucible  consisting  of  four  segments  that  are  electrically  In¬ 
sulated  from  one  another. 

A  coating  of  electrically  nonconductive  refractory  material, 
such  as  aluminum  oxide,  is  applied  to  the  inner  surface  of  this 
Footnote  (80)  is  on  page  448. 


crucible  w 
between  cr 
substantia 
may  result 
may  be  bot 
which  the 
furnace,  v 
with  the  m 

Paten 
consumable 
the  eonsuni 
high-frequ 
of  metal  s 
into  irreg 
pressed  in 
neutral  ga 
reducing-m 
able  elect 

It  ha 
tance  furn 
grapite  he 
ter  20). 

The  a 
stepping  u 
uous  reduc 
of  the  rea 
titanium  p 
sumable  el 
specially 
lum  to  pro 
method. 

Pro&cects 

The  » 
velopment 
the  great 
Footnotes 


FTD-HC-2 3-352-69 


PTD-HC-23- 


crucible  with  a  plasma  arc.  This  reduces  the  danger  of  shorting 
between  crucible  segments  through  the  metal  in  the  crucible  and 
substantially  reduces  losses  of  heat  from  the  crucible,  but  it 
may  result  in  oxygen  contamination  of  the  titanium.  The  crucible 
may  be  bottomless,  in  which  case  it  becomes  a  crystallizer  from 
which  the  ingot  is  drawn  [322].  Since  there  is  no  arc  in  this 
furnace,  vaporization  of  volatile  impurities  cannot  interfere 
with  the  melting  process. 

Patent^®1  ^describes  a  high-frequency  furnace  for  melting  of 
consumable  electrodes  made  from  reaction  mass.  The  bottom  end  of 
the  consumable  electrode  is  introduced  into  the  inductor  of  a 
high-frequency  (10  kHz)  installation  and  melts  in  it.  The  drops 
of  metal  strike  a  turntable,  impingement  on  which  converts  them 
into  irregularly  shaped  granules,  which  are  subsequently  easily 
pressed  into  a  consumable  electrode  for  conventional  melting.  A 
neutral  gas  is  passed  through  the  melting  space  to  carry  away  the 
redueing-metal  and  chloride  impurities  released  from  the  consum¬ 
able  electrode  and  carry  them  to  a  condenser. 

Io  has  been  proposed'  chat  titanium  be  melted  in  a  resis¬ 
tance  furnace  with  an  ordinary  copper  crystallizer  and  a  conical 
grapite  heater  that  develops  temperatures  up  to  2600° C  (see  Chap¬ 
ter  20). 

The  above  exposition  indicates  that  two  possibilities  for 
stepping  up  the  refinement  of  reaction  mass  obtained  by  contin¬ 
uous  reduction  are  presently  of  greatest  interest:  heat  treatment 
of  the  reaction  products  for  aggregation  and  passivation  of  the 
titanium  particles  with  subsequent  leaching,  or  pressing  of  con¬ 
sumable  electrodes  from  the  reaction  mass  and  melting  them  in 
specially  designed  furnaces.  Methods  for  alloying  of  the  titan¬ 
ium  to  produce  final  alloys  must  be  developed  for  the  latter 
method. 

Prospects  for  the  Development  of  Continuous  Methods 

The  wide  variety  of  these  directions  being  taken  by  the  de¬ 
velopment  of  continuous  titanium  production  processes  indicates 
the  great  amount  of  attention  being  devoted  to  this  problem. 
Footnotes  (81)  and  (82)  are  on  page  448. 
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Despite  the  present  slowdown  in  the  titanium  industry  of 
capitalist  countries,  reports  on  the  development  of  continuous 
titanium  production  processes  and  corresponding  patents  continue 
to  appear  Just  as  frequently  as  during  the  headlong  development 
of  this  industry.  Until  very  recently,  however,  no  reports  were 
published  on  the  development  of  an  industrial  continuous  metal- 
lothermic  process  for  titanium  production. 

As  we  noted  in  Chapter  1,  the  firms  Kennecott  Copper  and 
Allied  Chemical  and  Dye  combined  forces  in  1956  to  build  a  7500- 
tons-per-year  sodlothermlc  plant  at  Wilmington,  North  Carolina; 
they  proposed  to  use  a  continuous  sodlothermlc  process  at  this 
plant.  Construction  work  at  this  plant  was  suspended  when  the 
American  titanium  Industry  began  to  stagnate. 

At  about  the  same  time.  Reactive  Metals  begem  to  build  a 
sodlothermlc  plant  at  Ashtabula,  Ohio,  which  was  also  supposed 
to  be  based  on  a  semicontlnuous  sodlothermlc  process.  This  plant 
was  placed  In  operation  f.t  the  end  of  1959,  and  it  was  reported 
that  It  performed  successfully  and  began  to  produce  commercial 
metal. 

A  two-stage  continuous  sodlothermlc  process  was  developed  In 
1956  at  the  US  Bureau  of  Mines  experimental  station  at  Boulder 
City  [323]. 

Finally,  a  report  published  in  1966  stated  that  developmental 
work  on  a  continuous  sodlothermlc  titanium  production  process  had 
been  completed  at  the  Ashtabula  plant. 

The  above  reports  were  not  accompanied  by  any  details  on  the 
flowcharts  and  equipment  designs  that  had  been  adopted.  Char¬ 
acteristically,  all  of  them  refer  to  the  development  of  a  contin¬ 
uous  sodlothermlc  titanium  production  process. 

It  appears  that  the  design  of  a  continuous  magnesiothermic 
process  is  a  more  difficult  problem.  Early  in  this  chapter,  we 
enumerated  the  advantages  of  sodium  over  magnesium  as  a  contin¬ 
uous-process  reducer.  However,  the  reported  industrial-scale 
realization  of  a  continuous  process  for  leaching  magnesiothermic 
titanium  sponge  will  make  magnesium  more  competitive  with  respect 
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to  sodium,  since  It  will  to  a  substantial  degree  offset  one  of 
the  most  important  and,  as  we  have  noted,  peculiar  advantages  of 
sodium:  the  possibility  of  leaching  out  the  reaction  mass  instead 
of  vacuum-separating  it.  It  should  be  noted  that  magnesium  also 
has  a  highly  important  economic  advantage  as  a  reducing  agent  for 
a  continuous  titanium  tetrachloride  reduction  process.  It  con¬ 
sists  in  the  fact  that  most  titanium  is  now  produced  by  intermit¬ 
tent  magnesiothermic  processes  and  conversion  of  these  plants  for 
continuous  magnesiothermic  production  would  present  no  particular 
difficulty. 

It  is  hardly  necessary  to  point  out  that  from  this  stand¬ 
point,  prospects  for  the  introduction  of  a  continuous  sodiothermic 
process  are  less  favorable,  since  it  could  be  used  only  at  a  few 
existing  sodiothermic  plants  whose  flowcharts  are  intermittent 
and  at  newly  built  plants. 

It  is  also  necessary  to  note  that  magnesium  also  has  tech¬ 
nological  advantages  over  sodium  —  a  substantially  lower  vapor 
pressure,  which  makes  it  easier  to  eliminate  the  undesirable  gas¬ 
eous-phase  reduction  reactions,  and  stability  in  ordinary  atmos¬ 
pheres,  which  is  important  for  direct  acquisition,  in  the  reactor, 
of  reaction-mass  blocks  that  can  'later  be  used  as  consumable  elec¬ 
trodes  in  smelting  out  titanium  ingots. 

In  conclusion,  a  few  words  on  the  economics  of  continuous 
metallothermic  titanium  production  are  in  order.  It  has  been  sug- 
6ested  that  introduction  of  a  continuous  process  would  introduce 
no  substantial  changes  in  the  net  cost  ox'  the  titanium,  since  (in 
the  case  of  the  intermittent  process),  half  the  cost  is  that  of 
the  titanium  tetrachloride,  which  will  not  change  as  a  result  of 
the  new  technology  [3063*  This  conclusion  is  unjustified,  since 
the  improvement  of  titanium  tetrachloride  production  technology 
should  reduce  its  representation  in  the  cost  of  the  titanium  sub¬ 
stantially}  introduction  of  the  continuous  metallothermic  process 
will  result  in  substantially  lower  direct  costs,  and,  in  particu¬ 
lar,  reduced  specific  capital  investment  and,  consequently,  depre¬ 
ciation  writeoffs}  labor  costs  will  also  be  reduced.  It  is  also 
necessary  to  remember  that  introduction  of  the  continuous  process 
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Should  improve  the  yield  of  the  higher,  i.e.,  more  expensive 
grades  of  titanium. 

We  should  stress  once  again  that  even  substitution  of  con¬ 
tinuous  for  intermittent  leaching  of  the  reaction  mass  would  re¬ 
sult  in  substantial  savings. 
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Chapter  18 

GENERAL  INFORMATION  ON  THERMAL  DISSOCIATION  OF  HALIDES 

We  have  noted  that  despite  the  substantial  quality  improve¬ 
ment  achieved  in  recent  years,  technical  titanium  produced  by 
metallotherraic  reduction  of  titanium  tetrachloride  contains  a 
number  of  impurities  that  have  a  strong  influence  on  its  proper¬ 
ties.  At  the  same  time,  it  is  known  that  highly  pure  metals  often 
exhibit  new  and  highly  valuable  properties.  Thus,  interest  at¬ 
taches  to  improving  the  purity  cf  titanium  in  every  possible  way. 

The  purer  metal  required  for  vacuum  engineering  and  special 
applications,  as  well  ao  for  scientific  research,  is  obtained  by 
refining  technical  titanium.  The  method  that  has  been  best  de¬ 
veloped  for  this  purpose  is  thermal  dissociation  of  titanium 
halides,  which  yields  titanium  of  increased  purity  in  compact 
bar  form. 

The  essentials  of  the  method  are  as  follows:  the  crude  metal 
to  be  purified  (technical  titanium  sponge  or  shavings)  is  treated 
with  a  halogen  to  form  a  volatile  halide,  which  then  dissociates 
on  an  electric-current-heated  surface,  usually  a  wire  or  ribbon  of 
titanium  or  a  refractory  metal  'tungsten,  molybdenum).  In  this 
process,  the  titanium  present  in  the  halide  is  deposited  on  the 
incandescent  wire,  and  the  halogen  that  has  been  released  is  re¬ 
cycled  to  form  a  new  batch  of  halide,  which  is  again  decomposed  on 
the  wire,  on  which  the  titanium  bar  is  gradually  grown. 
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The  following  requirements  must  be  taken  into  consideration 
in  selecting  the  halogen  most  suitable  for  purification  of  titan¬ 
ium  by  this  method  [1,  2]: 

a)  the  halogen  muat  form  a  sufficiently  volatile  halide  with 
the  metal  to  be  refined; 

b)  this  compound  (the  halide)  must  be  formed  at  comparatively 
low  tenperatures ; 

c)  the  decomposition  temperature  of  the  halide  must  be  below 
the  melting  point  of  the  metal  being  refined; 

d)  the  mesa!  being  refined  may  not  have  a  high  vapor  pressure 
at  the  temperature  at  which  it  is  deposited  on  the  wire; 

e)  the  rate  of  decomposition  of  halide  and  deposition  of  the 
metal  on  the  glowing  wire  must  be  substantially  higher  than  the 
rate  of  its  evaporation. 

Although  all  halogens  form  volatile  compounds  with  titanium, 
its  iodides  arc  usually  used  in  refining  this  metal  by  thermal 
dissociation;  as  a  result,  the  method  has  come  to  be  known  as  the 
iodide  process.  Iodine  is  preferred  over  the  other  halogens  be¬ 
cause,  as  we  shall  show  below,  it  reacts  most  readily  with  titan¬ 
ium  and  at  lower  temperatures,  and  the  iodides  that  are  formed 
dissociate  practically  completely  on  the  incandescent  surface 
(wire,  ribbon,  etc.)  into  titanium  and  iodine,  ever,  at  compara¬ 
tively  low  tenperatures  (of  the  order  of  1100-14C0°C) ,  at  which 
the  metal's  vapor  pressure  is  still  moderate.  On  the  ctr.er  nan;, 
decomposition  tsinpsrstiirss  oT  tiisniiun  chior*ides  snc  l  I'criicier 
are  substantially  higher  than  those  of  the  iodides,  so  that  it  be¬ 
comes  difficult  to  use  these  two  halogens  in  this  process  [3, 
pages  46-58].  The  same  applies  to  the  fluorides,  which  are  highl; 
toxic  and,  like  the  chlorides  and  bromides,  less  thermally  stable 
than  the  iodides  of  titanium. 

Reduction  of  titanium  bromide  by  hydrogen  on  a  glowing  fila¬ 
ment  wa3  proposed  by  the  firm  Osram  in  1915-  Although  bromine  is 
substantially  cheaper  than  iodine  und  no  difficulty  is  encountered 
In  forming  titanium  tetrabroralde  from  titanium  carbide  and  bromine. 
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the  bromide  method  was  not  put  to  practical  use.  The  method  re¬ 
quires  an  extremely  large  hydrogen  excess,  and  the  hydrogen  must 
be  highly  purified  to  avoid  contamination  of  the  metal  product. 
The  bromide  process  is  further  complicated  by  the  need  to  regene¬ 
rate  the  bromine  from  hydrogen  bromide  and  by  the  formation  of 
lower  titanium  bromides,  with  which  bromine  is  los*. 

The  iodide  method  is  applicable  for  purifica*.  n  of  a  number 
of  elements  —  titanium,  zirconium,  hafnium,  thori  .a,  vanadium, 
niobium,  tantalum,  chromium,  boron,  silicon,  and  certain  others 
[2].  The  method  was  first  proposed  by  Van  Arkel  and  de  Boer  in 
1125  [4J,  and  was  subsequently  developed  further  in  tne  work  of 
these  authors,  as  well  as  by  Past  and  many  other  investigators 
[5-9].^  The  early  papers  recommended  that  the  refractory  metals, 
including  titanium,  be  deposited  onto  an  electric-current-heated 
surface  from  their  volatile  halides  in  the  presence  of  hydrogen 
or  some  other  gaseous  reducing  agent Z2^  Reducing  gases  were  later 
abandoned,  thus  making  it  possible  to  eliminate  the  impurities 
that  tney  introduced. 
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method  !.•  based  on  the  difference  between  the  vapor  pressures  of 
the  titanium  iodide  that  is  formed  and  the  iodides  of  the  impuri¬ 
ties  present  in  the  metal.  Moreover,  not  *‘l  of  the  impurity 
elements  present  ir.  technical  titanium  form  iodides.  This  makes 
it  possible  to  purify  the  titanium  quite  effectively  of  the  im¬ 
purities  that  are  net  bound  into  iodides  or  form  nonvolatile  or 
thermally  unstable  iodides  (for  example,  owing  to  its  low  thermal 
stability,  titanium  oxyiodide  does  not  transfer  to  the  incandes¬ 
cent  filament,  and  this  makes  it  easier  to  remove  the  oxygen  im¬ 
punity  from  the  titanium). 


lodination  is  the  decisive  stage  from  the  standpoint  of 
purifying  titanium,  since  the  volatile  iodides  are  decomposed  on 
the  glowing  wire  in  the  second  stage  with  formation  of  the  bar  of 
the  metal,  whose  Impurity  content  usually  corresponds  to  the 
purity  of  the  titanium  iodide  vapor.  This  is  because  the  iodides 
of  the  principal  impurities  present  in  the  titanium  decomposed  at 
temperatures  below  the  optimum  dissociation  temperature  of 
Footnotes  (1)  and  (2)  are  on  page  484. 
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titanium  tetraiodide  (about  1400°C)  [10],  Below  we  present  the 
decomposition  temperatures  of  the  Iodides  of  certain  elements  in 
°C: 


Chr  omi um ♦  •  • 

.  .  1100 

Silicon.  . 

.  .  .  1000 

Copper.  .  .  . 

.  .  900 

Vanadium  . 

.  .  .  1200 

Iron . 

.  .  1100 

Titanium  . 

.  .  .  1400 

Nickel 

1030 

A  deficiency  of  the  iodide  method  is  its  low  productivity. 
This  is  basically  why  iodide  titanium  is  several  times  more  expen¬ 
sive  than  the  technical  grade. 

Reaction  of  Titanium  with  Iodine  and  Iodides 

Iodine  is  a  crystalline  substance  of  orthorhombic  structure 
with  lattice  constants  afl  «  4.795  A,  bQ  =  7.255  A,  and  cQ  « 

»  9-780  %•,  it  ha3  a  density  of  4.94  g/cnr*  (at  18°C).  Its  melting 
and  boiling  points  are  113.6  and  184. 4°C,  respectively  [2].  The 
temperature  curve  of  the  pressure  of  iodine  vapor  above  solid  io¬ 
dine  can  be  represented  by  the  equation  [11] 
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Figure  86.  Degree  of  dissocia¬ 
tion  of  iodine  as  functions  of 
temperature  and  pressure. 


-  2, OI3!gr+ 13,374. 

Gaseous  iodine  dissociates  more 
readily  than  dc  the  ctr.er  halo¬ 
gens,  and  the  heat  effect  of 

the  dissociation  I„  21  is 
c 

35,514  cai/'moie.  Harked  disso¬ 
ciation  of  iodine  begins  at 
600°C  under  atmospheric  pres¬ 
sure;  it  is  5.2S  at  800°C, 

19-7S  at  1000°C,  and  78. 4*  at 
1400° C.  As  the  isotherms  shown 
in  Fig.  86  [2]  indicate,  iodine 
dissociates  substantially  more 
rapidly  with  decreasing  pres¬ 
sure. 
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Figure  87.  Hate  of  trans¬ 
port  of  titanium  in  the 
form  of  its  tetraiodide 
at  175  and  400°C.  1)  175°C; 
2)  400° C;  iOuiiie  vapor 
pressure  25  mm  Hg;  :) 
rate  of  .li s:  illation  at 
200°C. 
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Figure  88.  Influence  of 
iodine  vapor  pressure  p., 
mm  Hg,  on  the  transport 'L2 
rate  of  titanium  in  the 
form  of  its  tetraiodide. 

1)  4;  2)  2,  3)  5  (t  - 
200°C);  -}  *  -  25*  L  -  100. 


Titanium  tetraiodide,  a  hygroscopic  reddish-brown  crystal¬ 
line  substance  —  can  be  prepared  by  direct  reaction  between  io¬ 
dine  and  titanium  at  170-200°C  or  by  disproportionation  of  lower 
titanium  Iodides  [12J.  Thus,  Til,  and  Til^  are  formed  by  heating 
3ciia  Tilj  to  350°C  in  a  vacuum,  while  heating  Tilg  to  48o°C  in 
a  vacuum  produces  71  and  Til ^ .  The  authors  of  other  papers  also 
prepared  titanium  tetraiodide  by  disproportionation  of  TII^.  For 
example,  Campbell  and  Kessler  patented  an  Improved  process  for 
the  production  of  titanium  tetraiodide  by  the  reaction  between 
metallic  titanium  and  iodine;  according  to  the  patent,  continuous 
cooling  is  used  to  remove  reaction  heat  and  stabilize  tempera¬ 
tures  in  the  reaction  zone,  and  the  condensing  Tilj,  flows  as  a 
liquid  product  through  the  metal  to  be  lodinated,  cooling  it,  and 
is  collected  in  a  receiver,  in  which  it  freezes.^ 

Runnals  and  Pidgeon  [13]  studied  the  rates  of  formation  of 
the  tetraiodide  and  its  transfer  to  the  wire  in  the  reaction  of 
iodine  with  metallic  titanium  (powder  with  grain  size  around 
0.4  mm).  The  transport  rates  of  titanium  tetraiodide  at  175  and 
400°C  and  an  iodine  vapor  pressure  of  25  mm  Hg  are  presented 
Footnote  (3)  is  on  page  484. 
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graphically  In  Pig.  87.  The  dashed  line  Indicates  the  rat»  of 
Tlll»  dl3tlllat^n  at  200cC.  Figure  83  shows  the  influence  of 
iodine  vapor  pressure  (in  the  range  from  1  to  100  mm  Hg)  on  the 
transport  rate  of  titanium  tetraiodide  at  200°c. 

We  see  from  Figs.  87  and  88  that  the  rate  of  titanium  tetra¬ 
iodide  formation  is  quite  high  and  increases  with  increasing  io¬ 
dine  pressure  and  temperature. 

Titanium  triiodide  is  a  dark  violet  solid  and  can  be  pre¬ 
pared  by  reacting  with  »!„  [It]  or  11 1 ^  with  Ti  at  300- 

340°C,  as  well  as  under  other  conditions,  which  are  described  in 
the  literature  [2J. 

Titanium  diiodide  is  a  dark  brown  solid,  and  was  prepared  by 
Fast  [12]  by  the  reaction  of  Tl  with  Til,,.  At  550°C,  the  Til 
was  obtained  in  a  mixture  with  Ti.  Heating  this  mixture  to  750°C 
f 01 mod  a  mixture  of  three  compounds:  the  di-,  tri-.  and  tetraio- 
uides.  Heating  this  mixture  to  *4o°C  caused  disproportionation 
of  the  Til,  into  Til_  and  Tii^  and  separation  of  the  71 1 4  from 
the  diiodide,  which  has  a  low  vapor  pressure  at  this  temperature, 

Til2  has  also  been  prepared  by  reacting  Til^  with  titaniur 
under  other  tenmerature  conditions  [15].^ 

Comparatively  recently,  Japanese  investigators  [16]  made 
another  detailed  study  of  the  conditions  under  which  metallic 
titanium  reacts  with  iodine  and  the  resulting  titanium  tetraio¬ 
dide  reacts  with  the  metal. 

Contrary  to  earlier  literature  references  to  reactions  be¬ 
tween  metallic  titanium  and  iodine  even  at  room  temperature  [173, 
the  authors  of  this  work  established  in  a  study  of  the  iodine 
vapor  pressure  variations  over  titanium  sponge  at  various  tem¬ 
peratures  that  the  reaction  begins  to  proceed  vigorously  with  for¬ 
mation  of  Til„  only  at  temperatures  above  130° C. 

As  indicated  by  the  data  in  Table  39,  T1I„  has  a  relatively 
low  melting  point  (as  lew  as  150°C).  At  these  temperatures,  the 
vapor  pressure  above  solid  Til^  is  negligible.  The  vapor  pres¬ 
sure  above  Til,,,  according  to  the  Japanese  authors,  can  be  detcr- 
mined  from  the  empirical  formula 
Footnote  (A)  is  on  page  481! . 
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Certain  Physicochemical  Properties  of  Titanium  Iodides 
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1,1 13?  accordinr  to  [20]  and  92.2  according  to  [23], 

#262.2  according  to  [20]  and  61.8  according  to  [2]. 

*^At  0.01  run  Hg. 

*46l  according  to  [2]  and  *<7  according  to  [23]. 

*^37  according  to  [2]. 

*^°50  according  to  [23]  and  1050  according  to  [2]. 

*'6  according  to  [2j. 

*®1350  according  to  [2]. 

•  -=~-  * l0>  +  W 

r  ■  (2 

or 

IQ* +  4.* 

\ 

which  agrees  well  with  the  empirical  formula  proposed  by  Blocher 

and  Campbell  [x8 ] : 
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T1I2  1s  f°rmed  at  an  acceotaMe  r,Q<->  .... . 

with  metallic  titanium  at  temperatures^  loo-r^  “  °ln 

™;h\7;:r of  the  tet— •  «-*-  ^  ~ 

or  Tit"  °f  300“c  «-  lower)  with  forzcatlor. 

of  metallic  !*t“ll5hM,  ln  [16]  th“  *»  «>•  P™'™*  or  an  *«,ss 
or  metallic  tltenlm,  the  ailodiae  reaote  with  It  to  ror»  the 

one  o  lie  Til.  Shoe,  there  are  Tour  Iodides  l„  the  tltanlu.,. 
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+  2J**r«*  — ‘ — »TU< 
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c 

3TU'^cm,,,,>  +  TW4‘*>’  (( 

*^<£c3rw+TW,*-»-  (i 

It  is  reported  in  [17]  that  Til3  and  Til.,  begin  tc  dispro¬ 
portionate  at  temperatures  above  350  and  l)8o°C,  respectively  in 
accordance  with  the  equations 

•*  TIJ* (t*  +  W«  (raw  ■  '11V 

aTU»^,  - 11;^ + fy.  ^ .  C5>  )*i'; 

There  are  indications  in  the  literature  [153  that  the  latter 
reaction  is  the  determining  one  for  the  titanium-iodine  system  at 
pressures  of  3-15  mm  Hg  and  a  filament  temperature  of  1500°C,  and 

th»  r  fh»  < 

- Coiistani  under  these  conditions  equals  8.2  x 

*  10  "  afcro  and  AZ°  *  8’6  *cal/mole.  However,  In  an  experimental 
test  of  the  first  of  these  equations.  Japanese  investigators 
showed  that  the  disproportionation  reaction  mechanism  of  the  dl- 
lodlde  should  be  represented  by  the  equation 
Footnote  (5)  is  on  page  l]8ty. 
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Modifications  of  the  Iodide  Process 

As  we  indicated  above,  various  reactions  may  take  place,  de¬ 
pending  on  the  conditions  under  which  the  technical  titanium  la  - 
iodinated.  Thus,  when  titanium  reacts  with  iodine  at  175-200°C, 
the  product  is  titanium  tetraiodide,  which  dissociates  on  the 
hot  wire  by  the  reaction 

TIL  »■  T1  +  2JL.  (20) 

If  the  titanium  i3  iodinated  at  temperatures  above  200° C,  a 
secondary  reaction  begins  to  develop:  that  of  titanium  tetra 
iodide  with  titanium,  which  forms  the  dilodide: 

TU4+TJ-mJk.  <21) 

\ 

At  temperatures  between  200  and  450° C,  Tilg  has  low  vapor 
pressures,  so  that  the  rate  of  deposition  of  the  meta]  on  the 
wire  slows  down  considerably  [173*  In  the  case  of  work  at  low 
temperatures,  therefore,  it  is  necessary  to  watch  temperature 
conditions  carefully  in  order  to  prevent  formation  of  lower  ti¬ 
tanium  iodides.  At  higher  temperatures  (around  550° C),  on  the 
other  hand,  titanium  diiodide  is,  as  noted  by  Fast  and  other  re¬ 
searchers  [17,  24],  volatile  enough  to  replace  titanium  tetra- 
iodide  as  the  bearer  of  the  metal  and  deliver  a  satisfactory  rate 
of  deposition  of  the  metal  on  the  hot  wire. 

This  relationship  was  confirmed 
convincingly  by  Fast  [17],  who  studied 
the  influence  of  reaction-vessel  tem¬ 
perature  on  the  rate  of  deposition  of 
titanium  on  the  wire.  The  results  of 
experiments  conducted  in  a  3mall  Pyrex 
flask  (charge:  80  g  of  crude  titanium 
sponge,  25  g  of  iodine;  heating  fila¬ 
ment:  tungsten..  40  ejn  long  and  40  urn 
in  aitneter;  temperature  1300°C  and 
holding  time  48  h)  are  represented 
graphically  in  Fig.  8?.  As  we  see  from 
Fig.  89,  titanium  was  not  deposited  on 
the  wire  at  0°c  or  in  the  temperature 
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Figure  89.  Bate  of  ti¬ 
tanium  deposition  bn 
wire  as  a  function  of 
temperature  in  reac¬ 
tion  vessel. 
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range  of  roughly  320-iJ70°C.  In  the  former  case  'at  ^c),  this 
was  due  tc  ‘.ue  extremely  low  vapor  pressure  of  and,  conse¬ 
quently,  its  negligible  concentration  in  the  gaseous  phase.  In 
the  latter  cas*  (?20-il706C) ,  the  failure  of  titanium  to  deposit 
on  the  wire  was  due  to  the  formation  of  Til2»  which  is  not  vola¬ 
tile  enough  in  thi.-  temperature  range.  On  the  other  hand,  the 
maximum  rates  of  deposition  of  the  metal  were  noted  at  raaotion- 
vessel  temperatures  of  150-200°C  or  in  excess  of  500°C  (525- 
550°C). 

Thus,  the  thermal-dissociation  process  can  be  advanced  suc¬ 
cessfully  by  low- temperature  or  high-temperature  iodination  of 
crude  titanium,  working  at  temperatures  around  200  or  above  500°C, 
respectively.  Although  either  of  these  processes  — low-tempera¬ 
ture  r r  n’,.-th-t*'"iperature  —  can  be  effected  in  apparatus  of  the 

ouiiis  vuvjr  uauci  x*i  vuc  uicuiiail^aiu  wx  vuc  uicimvai  rcoC" 

tions  that  take  place,  since  the  refined  metal  is  transported  by” 
its  higher  iodide  in  the  low-temperature  process  and  by  lower  io¬ 
dides  in  the  high-temperature  process. 

Rolsten  [2]  performed  extremely  interesting  experiments  in 
whisn  *ie  compared  the  rates  of  deposition  of  titanium  from  titan¬ 
ium  Iodides  of  various  valences  under  conditions  that  practically 
excluded  disproportionation  of  the  lower  iodides.  The  reaction 
was  carried  cut  in  a  quartz  flask  with  a  tungsten  heater  fila¬ 
ment  20.3  cm  long  and  0.178  mm  in  diameter,  which  was  heatedrto;  - 
Hi70°C}.  the  rates  of  metal  deposition  on  the  wire  from  titanium  .. 
tetra-,  trl-,  and  diiodide  were  0.012,  0.036,  and  0.028  g/(cm*-fi)'i 
respectively. 

The  high-temperature  and  low-temperature  variants  of  the  io¬ 
dide  process  yield  somewhat  different  results.  In  the  high-tem- 
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greater  degree  than  in  the  low-temperature  process.  This  applies, 
for  example,  to  such  an  impurity  as  iron,  which  is  formed  when  the 
volatile  iodide  Fel^  reacts  with  iodine.  This  iodide  is  quite-  - 
unstable  at  temperature  around  500° C  and,  undergoing  reduction .by 
the  starting  titanium  to  the  nonvolatile  Pel2»  is  transported  to 
the  hot  wire  to  a  much  lesser  degree.  Transport  and  deposition 
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of  silicon,  whose  iodides  are  unstable  at  high  temperatures ,  and 
also  of  certain  other  impurities,  such  as  chromium,  manganese, 
nickel,  and  phosphorus  are  also  reduced  in  the  high-temperature 
process  [17*  25].  This  gives  the  high-temperature  process  a  sub- 

Advantage  over  the  low**  temper  at  IIMA  ItAVinJ  MM  T  M  AMMa4  _ 

ing  temperatures  for  iodide  -method  production  of  titanium,  how¬ 
ever,  it  is  necessary  to  take  account  of  the  nature  of  the  struc¬ 
tural  materials  from  which  the  apparatus  is  built  (glass,  quartz, 
metal). 

Titanium  tetraiodide  can  be  used  Instead  of  elementary  io¬ 
dine  as  the  iodinating  reagent  in  refining  titanium  by  the  iodide 
method  [26,  39-]. 

When  iodine  Js  used,  the  operations  of  iodinating  the  titan¬ 
ium  and  thermal  dissociation  of  the  resulting  iodide  arc  usually 
combined  in  the  seat  apparatus.  This  so-ealled  "combined  process" 
is  -the  one  used  in  most  practical  cases.  However,  when  titanium 
tetraiodide  is  the  iodinating  agent,  it  is  prepared  in  a  special 
apparatus  or  in  a  separate  part  of  the  installation  and  only  then 
introduced,  without  coming  into  contact  with  air,  into  the  reac¬ 
tion  vessel,  in  which  ths  titanium  is  deposited  on  the  glowing 
wire.  Although  its-  equipment  is  more  complex,  this  so-called 
"separate"  process  using  titanium  tetraiodide  has  an  important 
advantage  over  the  "combined"  process.  In  virtue  of  the  lower 
activity  of  this  iodinating  agent  at.  compared  with  iodine,  it  per¬ 
mits  more  thorough  purification  of  the  titanium  of  impurities  pre¬ 
sent  in  .<e  starting  metal,  and  also  permits  intermediate  purifi¬ 
cation  of  the  titanium  tetraiodide. 

As  is  noted  in  the  literature  [10,  39  J *  many  different 
methods  can,  in  principle,  be  used  to  purify  the  iodides  of  metals 
to  be  refined  when  the  iodides  are  prepared  in  a  separate  opera¬ 
tion:  filtration,  crystallization  from  solutions,  distillation, 
sublimation,  rectification,  fractional  condensation,  zone  purifi¬ 
cation,  and  certain  other  methods  based  on  utilization  of  specific 
properties  of  the  impurity  elements.  Thus,  titanium  tetraiodide 
can  be  purified  of  aluminum,  whose  iodide  All^  has  a  boiling  point 
close  to  that  of  Tlljj,  by  taking  advantage  of  the  ability  of  this 
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e.ement  to  form,  on  addition  of  KI,  the  compound  KAll^,  which  is 
not  volatile  at  dark  red  incandescence,  while  Til^  is  easily  dis¬ 
tilled  off  at  these  temperatures  [2?]. 

Dependence  of  Iodide  Refining  on  Process  Conditions 

The  conditions  mt!:r  which  the  iodine  reacts  with  the  start¬ 
ing  metal  must,  firs,  of  all,  deliver  an  acceptable  rate  of  forma¬ 
tion  of  the  iodide,  e.g.,  titanium  tetraiodide,  and  the  required 
concentration  of  its  vapor  in  the  reaction  vessel. 

It  Is  extremely  important  to  create  conditions  suitable  for 
the  transport  of  the  new  titanium  tetraiodide  molecules  and  es¬ 
pecially  for  their  diffusion  near  the  glowing  surface  of  the  wire, 
on  which  the  reaction 

«lt  «M  <  it  { 

\C.C.I 

takes  place. 

The  over-all  heat  effect. of  this  reaction  is  149  kcal,  and 
its  isobarlc-isothermal  potential  »  -148.8  kcal/(mole*deg) 

[37].  Since,  as  we  see  from  the  above  equation,  thermal  disso¬ 
ciation  results  in  formation  of  four  iodine  atoms  from  one  Til^ 
molecule,  an  iodine  partial  pressure  gradient  develops  from  the 
wire  toward  the  charge,  making  it  difficult  for  the  tetraiodide 
particles  to  diffuse.  Thus  the  progress  of  the  iodide  process  is 
strongly  influenced  by  distance  from  the  charge  to  be  refined  to 
the  hot  wire,  in  addition  to  the  vapor  pressure  of  the  tetraiodide. 

The  temperature  to  which  the  wire  is  heated  must  provide  an 
adequate  rate  of  thermal  dissociation  of  the  tetraiodide  with 
deposition  of  titanium  on  the  wire  and  return  of  the  iodine 
the  "carrier"  of  new  portions  of  the  refined  metal  —  back  to  the 
proc?5?  t. 

Hunnals  and  Piageon  [13]  made  a  detailed  study  of  the  rate 
of  deposition  of  metal  in  the  iodide  process  as  it  depends  on  the 
iodine  vapor  pressure,  the  relative  positions  oV  the  metal  to  be 
refined  and  the  filament,  and  the  temperature  of  the  filament. 
Because  of  the  high  chemical  activity  of  iodine  and  titanium  io¬ 
dides,  they  studied  the  reaction  of  titanium  with  iodine  and  the 
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rate  of  metal  transfer  to  the  wire  in  glass  apparatus,  collecting 
the  iodide  product  in  a  condenser. 

The  authors  established  that  the  rate  of  metal  deposition  in 
the  iodide  process  depends  strongly  on  the  iodine  vapor  pressure 
in  the  reactior  -'pace ,  which  is  determined  at  constant  wire  tem¬ 
perature  by  the  tamperatur*  to  which  the  reactor  walls  are  heated. 

As  we  noted  earlier,  the  vapor  pressure  of  Til^  can  be  com¬ 
puted  as  a  function  of  temperature  by  the  empirical  equation  (4). 
which  was  submitted  in  [18].  According  to  this  equation,  a  titan¬ 
ium  tetraiodide  vapor  pressure  of  0.5  mm  Hg  corresponds  to  lOO^C 

The  influence  of  titanium 
tetraiodide  vapor  pressure  on  the 
rate  of  metal  deposition  is  repre¬ 
sented  graphically  In  Pig.  90, 
after  the  authors  of  [13]. 

As  the  diagram  shows,  the 
rate  of  titanium  deposition  on  the 
wire  increases  with  increasing 
Tiljj  vapor  pressure  in  the  vessel 
from  2  tc  15  mm  Hg,  to  which  re¬ 
action-vessel  temperatures  of  ia6 
and  ?04°C,  respectively,  corre¬ 
spond.  On  a  further  rise  in  the 
titanium  tetraiodide  vapor  pressure, 
the  rate  of  Its  thermal  dissociation  on  the  surface  of  the  incan¬ 
descent  wire  decreases  (owing  to  the  lower  degree  of  dissociation 
of  Tiljj  v  en  Its  vapor  pressure  rises),  with  the  resulting  decline 
in  process  productivity.  Thus,  even  though  the  Tilj,  vapor  pres¬ 
sure  rices  when  vessel  temperature  Is  Increased  above  200° c  (25 
mm  Hg  at  2?1°C  and  35  n*n  Hg  at  233°C),  the  rate  of  deposition  of 
metal  on  the  wire  declines  and  the  process  comes  to  a  virtual 
halt.  This  results  from  the  higher  rate  of  formation  of  titanium 
dllodlde,  which  may  react  with  the  tetraiodide  to  form  the  invola¬ 
tile  titanium  trliodide  [3]: 


and  5.75  mm  Hg  to  175°C. 


Figure  90.  Influence  of 
titanium  tetraiodide  pres¬ 
sure  on  rate  of  metal  dep¬ 
osition  (wire  temcerature 
1500°C). 
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The  iodide  process  resumes  only  at  higher  temperatures  (above 
500°C),  when  the  diiodide  has  become  volatile  enough  to  replace 
titanium  tetraiodide  as  the  bearer  of  the  metal. 

As  we  have  noted,  wire  temperature  strongly  influences  the 
course  taken  by  iodide  refining.  In  order  to  control  contamina¬ 
tion  of  the  rod  obtained  by  thermal  dissociation  of  titanium  io¬ 
dide,  it  is  desirable  to  use  «  sirs  made  from  the  same  metal. 
Various  reactions  with  titanium  iodides  may  take  place  on  the 
titanium  wire,  depending  on  the  temperature  to  which  it  i3  ad¬ 
justed  [29]. 

At  temperatures  below  1100°C,  a  titanium  wire  reacts  rapidly 
with  titanium  tetraiodide  to  form  the  diiodide,  which,  in  turn, 
reacts  with  Til^  and  is  converted  to  Til 3.  The  reaction  vessel 
contains  a  mixture  of  Tilj  and  Til^,  in  which  the  proportions  of 
the  di-  and  triiodides  depend  on  temperature.  When  the  tempera¬ 
ture  of  the  titanium  wire  exceeds  1100° C,  the  titanium  tetraiodide 
decomposes  into  titanium  and  iodine  without  formation  of  inter¬ 
mediate  compounds. 

These  reactions  can  be  repre¬ 
sented  by  the  equations 
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W«£TI  +  t* 
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2TUt+mi4~-rru,. 


(2*) 


At  titanium-wire  temperatures 
below  1100°C,  the  equilibria  are 
shifted  counterclockwise j  at  tem¬ 
peratures  above  1100° C,  the  equi¬ 
libria  shift  clockwise,  a  process 
accompanied  by  deposition  of  ti¬ 
tanium  and  evolution  of  free  io¬ 
dine. 

Wire  temperature  was  varied  from  1100  to  1550°C  in  [13]  to 
study  its  influence  on  metal  deposition  rate.  The  tetraiodide 


Figure  91.  Influence  of 
wire  temperature  on  rate 
of  titanium  deposition 
(Tiljj  pressure  6  mm  Hg). 
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pressure  was  neld  constant  in  all  experiments  at  6  mm  Hg  (for 
which  purpose  the  vessel  was  heated  to  1?5°C).  As  Pig.  91  in¬ 
dicates,  the  titanium  deposition  rate  increases  as  wire  tempera¬ 
ture  is  raised  from  1100  to  1R00°0.  On  »  further  increase  ir. 
wire  temperature  (from  1500  to  1550°C),  there  was  no  increase  in 
metal  deposition  rate.  This  is  explained  by  the  fact  that  the 
influence  of  the  metal's  volatility  is  perceptible  at  1500° C  and 
higher  temperatures  [in  a  vacuum  at  1500° C,  titanium  evaporates 

o 

at  a  rate  of  12.6  mg/(cm  -h)]  [30]. 


In  view  of  the  danger  of  melting  of  a  nonuniformiy  heated 
wire  and  the  results  of  Runnals  and  Pidgeon,  which  indicate  that 
the  rate  of  deposition  of  the  metal  on  the  wire  from  the  tetra- 
iodide  is  independent  of  temperature  when  the  wire  is  heated  above 

i  lir>n  ^  rnnft  n  /  _  _  _  _  _  .i.  .  ...i  .  .  A  a.u  .  i.  i  .  jit  j.  .  .  .  .  »  .a. - 

iipu-ijuu  o  \axtive  eaun  uiuieuuic  ui  me  «»ei.rajLUU.i.ue  uiDsuuiaics 

completely  on  contact  with  the  wire),  an  effort  is  made  to  pre¬ 
vent  wire  temperature  from  exceeding  lil00oC.  Since  the  stability 
of  titanium  diiodide  does  not  differ  appreciably  from  that  of 
titanium  tetraiodlde  at  high  temperatures,  it  may  be  assumed  that 
the  wire  temperature  needed  to  ensure  full  dissociation  of  the 
dllodide  will  be  close  to  that  required  to  dissociate  the  tetra- 
iodide. 


The  form  in  which  titanium  is  deposited  on  the  wire  also  de¬ 
pends  on  its  temperature  [17] •  Metal  produced  at  low  temperature: 
has  a  coarse,  rough  surface  consisting  of  dendritic  crystalline 
formations.  Rods  produced  at  high  temperatures  have  smooth  sur¬ 
faces  and  consist  of  large  crystals  with  sharply  bounded  crystal¬ 
line  planes. 

It  was  confirmed  experimentally  in  [13]  that  the  rate  of 
metal  deposition  in  the  iodide  process  is  highly  sensitive  to  the 
geometrical  parameters  of  the  system  and  primarily  to  the  relative 
positions  of  the  metal  to  be  refined  and  the  filament.  Process 
rate  depends  on  the  speeds  with  which  the  titanium  iodide  is  moved 
to  the  filament  and  the  elementary  iodine  is  removed  from  it. 

Hence  the  distance  between  the  hot  wire  and  the  original  titanium 
must  be  as  short  as  is  permitted  by  design  consideration* .  At 
the  same  time,  the  design  of  the  apparatus  must  create  uniform 
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iodine  vapor  concentration  throughout  the  volume  of  the  reaction 
vessel,  since  this  is  necessary  for  uniform  deposition  of  the 
metal  over  the  length  of  the  wire.  Nonuniform  deposition  cf  the 
titanium  prcduwo  ,.oc ax  hv.  opOvS ,  sinu  the  her  melts  tnrougn 
because  of  electrical-resistance  variations  over  its  length. 

To  prevent  the  bar  from  burning  through,  it  is  necessary  to 
monitor  wire  {car)  temperature  closely.  When  the  work  is  done  ir. 
glass  apparatus,  temperatures  can  be  measured  with  an  optical 
pyrometer  (introducing  appropriate  corrections  for  absorption  of 
the  rays  by  the  gaseous  atmosphere  and  the  reaetion-vesBel  glass); 
metallic  apparatus  requires  special  techniques,  which  will  be 
set  forth  below.  Neither  excessively  high  (over  1300-1500°C)  nor 
excessively  low  wire  temperatures  may  be  permitted  in  the  iodide 
refining  of  titanium,  since  in  the  latter  case  the  deposited  ti¬ 
tanium  may  interact  with  the  tetralodide  (when  the  reaction  ves¬ 
sel  is  being  operated  at  low  temperature) ,  and  this  also  causes 
the  wire  to  burr,  through. 
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Por  the  titanium  diiodide  disproportionation  equation 
(11),  which  was  proposed  by  Past  and  other  investiga¬ 
tors  [15,  173,  the  free  energy  of  the  reaction  is  de¬ 
termined,  according  to  Herczog  and  Pidgeon  [19],  by  the 
empirical  formula  az5  -«wo  +  wi«r+ 
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Chapter  19 

TECHNOLOGY  OF  THE  PROCESS 

Iodide  Refining  in  Glass  or  Quartz  Apparatus 

As  we  noted  above,  crude  titanium  can  be  refined  by  the  Io¬ 
dide  method  in  -either  a  "combined"  or  a  "separate"  process.  Both 
are  discussed  lr.  the  literature  as  conducted  In  glass  or  quartz 
apparatus  and  both  will  be  examined  below  to  illustrate  the  pro¬ 
duction-equipment  side  of  the  iodide  titanium  production  process. 


Graphic  Mot  Reproducible 


Figure  92.  Reaction 
apparatus  for  produc¬ 
tion  of  iodide  titan¬ 
ium.  a)  Electrode 
head  and  flask;  b) 
perforated  molybdenum 
shield. 
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The  apparatus  uaed  In  [25]  to  pre¬ 
pare  the  metal  by  the  "combined"  method 
is  illustrated  in  Fig.  92  and  repre¬ 
sented  schematically  in  Fig.  93- 

Vacuum  flask  11,  which  is  190  mm 
in  diameter  and  about  890  mm  high,  is 
fitted  at  the  top  with  a  neck  60  mm  in 
diameter,  terminating  in  a  fused-on 
electrode  head  7  with  four  sealed-in 
tungsten  electrodes  and  lead-ins  6 ,  8, 
and  9,  which  do  not  react  with  iodine. 
Tungsten  filament  10,  which  is  0.07  mm 
In  diameter,  is  attached  to  the  elec¬ 
trodes;  the  authors  used  two  filament¬ 
ary  "pins,"  each  6l0  mm  long.  Perfo¬ 
rated  molybdenum  shield  12  (the 
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girdle1' )  war  placed  inside  the  flask  to 
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the  crude  titanium  charge. 

The  reaction  flask  was  heated  by  a 
furnace  with  a  ni chrome  winding.  The 
furnace  heats  and  outgases  the  metal  to 
bo  refined  and  maintains  suitable  tem¬ 
perature  conditions  in  the  flask  during 
the  initial  stage  of  the  process,  when 
the  power • supplied  to  the  heater  fila¬ 
ment  is  low.  However,  as  the  process  ad¬ 
vances  and  the  electric  power  supplied  to 
the  wire  rises,  it  may  come  to  exceed  the  reactio^ 

level  necessary  to  maintain  reaction-  flask  used  to  produce 

flask  temperature.  This  requires  cooling  iodide  titanium, 
of  the  flask,  for  which  purpose  the  fur¬ 
nace  has  a  copper  coil  6  mm  in  diameter  with  a  row  of  0.8-mm- 
diameter  holes  that  provide  for  air  cooling  of  the  flask  during 
the  last  stages  of  the  process,  A  vacuum  is  set  up  in  the  system 
with  mechanical  fcrevacuum  and  oil  diffusion  pumps.  The  apparatus 
is  provided  with  electrical  equipment  and  instruments  that  permit 
regulation  of  the  current  supply  from  0.5  to  300  A. 

Tne  authors  of  [25]  produced  the  purified  metal  by  the  fol¬ 
lowing  procedure. 


Tne  crude  metal  is  placed  in  the  annular  space  between  the 
wall  of  the  glass  vessel  (flask)  and  the  perforated  molybdenum 
screen;  a  full  load  of  titanium  (*”  the  form  of  fragments  ranging 
in  site  from  6  to  13  mm)  weighs  about  5  kg.  Then  the  electrode 
head  with  the  tungsten  filament  suspended  from  it  is  inserted 
into  the  flask  and  sealed  in  position;  to  position  it  properly  at 
the  bottom  of  the  riask  (Fig.  93).  the  filament  is  connected  via 
quartz  insulators  1M  to  special  tungsten  weight  15*  The  suspended 
system  is  secured  to  molybdenum  platform  13*  To  teat  the  Joints, 
a  vacuum  is  set  up  in  the  flask  and  it  is  checked  for  vacuum- 
tightness.  Then,  as  is  shown  in  Fig.  93,  the  flask  is  sealed  to 
vacuum  system  3  and  the  production  process  is  carried  out  in  the 
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assembled  unit. 

The  entire  system  Is  evacuated 
and  the  flask  J.s  heated  to  525°C,  at 
which  temperature  It  Is  held  for  4 
hour's.  After  heating  and  outlaying 
of  the  metal,  the  flask  is  cooled 
to  room  temperature  and  helium  is 
admitted  to  it  through  the  liquid- 
air  trap  5.  Then  100-300  g  cf  iodine 
is  introduced  through  neck  1  of  re¬ 
ceiver  A  into  flask  4,  with  simul¬ 
taneous  back-flushing  with  helium. 

The  end  open  for  the  iodine  is  sealed 
off  at  point  2,  the  iodine  is  cooled, 
and  a  vacuum  of  the  order  of  10 
mm  Hg  is  set  up  in  the  system,  at 
which  point  the  receiver  with  the 
iodine  is  disconnected  from  the 
vacuum  system  by  sealing  the  tube  at  point  B.  The  iodine  is  then 
distilled  over  into  the  reaction  fla3k  with  gentle  warning,  and 
the  tube  is  resealed  at  point  C.  During  iodide  refining  of  the 
titanium,  the  reaction  flask  is  heated  in  an  electric  furnace 
throughout  the  remainder  of  the  process  to  175-200  or  500-55 0°C, 
depending  on  whether  the  process  is  to  be  run  at  low  or  high  tem¬ 
perature.  Filament  temperature,  which  can  be  regulated  by  vary¬ 
ing  the  amperage  of  the  current  passed  through  it,  is  held  in  the 
1300-l400°C  range.  At  a  final  filament  current  of  250  A,  the 
rods  obtained  are  about  8.5  mm  in  diameter.  Figure  94  shows  a 
typical  titanium  "pin." 

The  process  carried  out  in  this  unit  yields  two  "pins"  of 
the  metal  with  a  total  weight  of  600  g;  the  cycle  takes  about  30 
hours  at  a  reaction-flask  temperature  of  175°C.  This  study  re¬ 
ports  that  iodide  refining  of  98.6$  titanium  increases  the  content 
of  the  principal  element  to  99.8-99 .9$.  Titanium  prepared  by  the 

iodide  method  is  highly  plastic.  For  example,  it  is  reported  [40] 

2 

that  the  ultimate  strength  of  this  metal  is  about  21  kgf/mm  at  a 
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mal  dissociation  of  the 
iodide. 
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Figure  95  Diagram  of 
apparatus  for  iodina- 
tion  of  titanium. 
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Figure  96.  Diagram  of 

diamond-pyramid  hardness  of  60.  Installation  for  thermal 
These  high  plastic  properties  tetraiodide. 

result  chiefly  from  the  sharp 

decrease  in  the  metal's  content  of  hardening  impurities,  and  gases 
in  particular  —  oxygen  and  nitrogen.  However,  a3  is  evident  from 
the  chemical  analyses  to  be  given  below,  the  method  is  rather  in¬ 
effective  in  the  removal  of  iron,  aluminum,  silicon,  carbon,  and 
certain  other  impurities  that  form  volatile  iodides,  some  of 
which  are  transferred  into  the  final  metal. 


Figure  95  shows  a  diagram  of  the  apparatus  used  in  [39]  for 
the  separate  version  of  the  process.  For  iodination,  the  starting 
titanium  was  placed  in  quartz  reaction  flask  1,  and  the  iodine  in 
flask  2  and  heated  by  furnaces  4  and  5>  respectively.  In  the 
optimum  process  that  was  established,  the  iodine  was  heated  to  80- 
110°C  and  the  titanium  to  230?C;  the  residual  pressure  in  the 
system,  which  was  evacuated  with  mechanical  vacuum  and  diffusion 
pump3  6  and  10  (which  were  protected  from  iodine  and  tetraiodide 
vapor  by  liquid-nitrogen  traps  7  and  8),  was  around  3-4‘lO"J 
mm  Hg.  The  titanium  tetraiodide  formed  in  reaction  flask  1  was 
simultaneously  distilled  and  collected  in  receivers  3  and  9.  The 
authors  of  [393  report  that  their  product  corresponded  almost  ex¬ 
actly  to  the  theoretical  composition  of  titanium  tetraiodide. 

The  titanium  tetraiodide  was  thermally  dissociated  (Fig.  96) 
in  a  quarts  reactor  1  on  molybdenum  or  titanium  wire  2  after  the 
wire  had  been  heated  by  electric  current  to  1400-1500°C}  the  wire 
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was  secured  to  electrodes  4,  which  were  sealed  into  water-coolea 
i-olybdenum-glass  head  5.  The  current  In  the  wire  was  measured 
with  ammeter  13,  and  heating  of  the  wire  was  monitored  with  an 
optical  pyrometer.  The  system  was  evacuated  by  mechanical  and 
diffusion-type  vacuum  pumps  8  and  9,  which  were  protected  from 
vaporized  dissociation  products  by  condenser  7  and  liquid-nitro¬ 
gen  traps  10  and  11. 

Before  the  process  was  started,  the  system  was  thoroughly 

outgassed,  after  which  flask  3  with  the  Til^  was  sealed  to  the 

apparatus;  on  heating  of  this  flasl  by  furnace  12  to  temperatures 

near  the  melting  point  of  Tiljj,  the  latter  evaporated  and  entered 

reactor  1.  The  process  was  initiated  and  conducted  at  a  residual 
*■*4 

pressure  <1  •  10  mm  Hg,  which  was  measured  by  vacuum  gauge  6. 

The  authors  of  the  study  report  that  the  final  metal  has  an 
impurity  content  on  the  level  of  ordinary  iodide  titanium  and,  in 
some  oases,  considerably  below  that  level. 

According  to  the  technical  specifications  of  the  American 
Society  for  Testing  of  Materials  [28],  tlje  impurity  contents  in 
iodide  titanium  may  not  exceed  (%):  0.02  Fe,  0.02  31,  0.C3  A! , 

0.01!  Mn,  0.03  C,  0.01  Mg,  0.01  Og,  and  0,01  other  impurities. 

According  to  [2],  the  impurity  contents  in  iodide  titanium 
wore  actually  (f):  0.01  Fe,  0.001  Si,  0,05  Al,  <0.01  Mn,  <0.01  V, 
<0.01  Sn,  0.005  Cu,  0.01  Zr,  <0.002  Cr,  <0.005  Mo,  <0.01  Mi, 

<0.065  Pb,  0.005  Mg,  0.006  Ng,  0.005  Hg,  -vo. 01  Og. 

Iodide  Refining  In  Metallic  Apparatus 

Use  of  glass  apparatus  similar  to  that  described  above  is  not 
suitable  for  large-scale  production  (as  a  convention,  we  3hall  re¬ 
fer  to  "industrial"  production)  of  the  metal  by  the  iodide  proc¬ 
ess.  Such  equipment  is  Incapable  of  producing  substantial  amounts 
of  refined  metal  in  each  production  cycle,  since  the  heavy  cur¬ 
rents  required  to  produce  large-diameter  bars  cannot  be  passed 
through  the  bars  in  glass  reactors  owing  to  the  strong  thermal 
radiation.  Glass  equipment  is  further  unsuited  for  use  under  in¬ 
dustrial  conditions  because  of  its  brittleness,  sensitivity  to 
thermal  shock,  and  unfitness  for  service  at  high  temperatures. 
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These  deficiencies  can  be  eliminated  by  using  metal  Instead 
of  glass  equipment.  Unlike  glass  apparatus,  these  installations 
can  be  built  on  a  larger  scale  without  permanent  Joints,  since 
packings  made  from  appropriate  metallic  or  thermostable  polymer 
materials  or  vacuum  rubber  can  be  used. 

However,  the  use  of  metallic  apparatus  for  the  preparation 
of  titanium  and  other  high-melting  metals  by  the  iodide  process 
was  rendered  extremely  difficult  by  the  restricted  choice  of 
materials  resistant  to  the  aggressive  action  of  iodine  and  iodide 
vapors  at  elevated  temperatures.  All  ordinary  structural  mate¬ 
rials  are  unsuitable  for  this  purpose,  since  they  corrode  under 
the  process  conditions  and  contaminate  the  metal  product.  Al- 
though  Van  Arkel  and  de  Boer  made  reference  in  their  1928  patent 
to  the  utility  of  chrome  steel  for  this  purpose,  the  literature 
has  offered  nc  data  supporting  the  possibility  of  pr«otiO«3  jSc 
of  apparatus  made  from  this  material  in  the  iodide  process.  In¬ 
formation  on  materials  whose  anticorrosion  properties  render  them 
suitable  for  the  fabrication  of  lodide-procecs  equipment  was  long 
absent  from  the  literature.  Various  metals  and  alloys  were  tested 
Ir.  an  atmosphere  of  iodine  vapor  at  a  pressure  of  400  mm  Hg  and 
temperatures  of  300  and  450°C  [31].  Below  we  present  the  results 
of  tests  to  determine  the  corrosion  rates  of  various  materials  at^ 
these  temperatures  in  an  iodine-Yapor  atmosphere,  in  units  of  10 
cm/day : 


300°C 


450°C 


Platinum 

0 

1. 

•Pltn-a  ♦•ova 
*  i».  »r_  u  V-  •• 

r% 

V 

c.  • 

Odd 

0 

6. 

Molybdenum 

0.9 

9. 

Tantalum 

1.2 

241 

Hastelloy  B** 

12.1 

127 

Hactelloy  C** 

15.5 

— 

Inconel 

29.2 

148 

Nickel 

75.2 

332 

Stainless  steel  310 

— 

487 

Stainless  steel  316 

— 

563 

Footnote  (1)  is  on  page  507. 
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300°  C  *!50°C 

Stainless  steel  3I17  —  569 

Monel  metal  15*1.0  713 

Silver  Reacts  completely 

••Nickel-molybdenum-based  alloys  [32].  Composition  of 
Hastelloy  B,  in  *:  60-65  Ni,  25-35  Mo,  5  Fe,  0-0.5  Mn. 
Composition  of  Hastelloy  C,  in  %:  50-5S  Ni,  16-18  Mo, 

*»-5.7  Fe,  15.5-17.5  Cr,  1  Mn,  1  Si,  3. 75-**. 75  W. 

On  the  basis  of  the  completed  corrosion  tests,  Hastelloy  B  and 
Inconel  were  recommended  in  [31]  as  structural  materials  for  the 
fabrication  of  iodide-process  reaction  equipment.  Molybdenum  is 
recommended  for  various  internal  components  of  the  apparatus  that 
are  subject  to  unusually  severe  corrosion  conditions. 

Other  investigators  [333  tested  the  corrosion  stability  of 
nickel  and  nickel-based  alloys  under  the  conditions  of  the  real 
iodide  process  (at  a  temperature  of  the  order  of  350°C).  These 
studies  indicated  chat  among  the  materials  tested,  alloy  Kh20N80, 
which  contains  20?  Cr  and  80S  Ni,  was  found  to  be  comparatively 
more  stable.  The  authors  report  that  when  iodide  titanium  war- 
prepared  in  a  laboratory  reactor  made  from  this  alley,  corrosion 
resistance  was  quite  satisfactory,  and  this  enabled  them  to 
specify  nichrome  as  a  structural  material  for  a  seniindustrial 
unit.  It  was  established  as  a  result  of  laboratory  tests  cr,  a 
number  of  packing  materials  —  vacuum  rubber,  pure  aluminum.  Tef¬ 
lon  (Ftoroplast) ,  annealed  copper,  and  then  nickel-plated  wire  — 
that  the  first  two  materials  are  suitable,  and  vacuum  rubbex-, 
cooled  by  water  supplied  through  grooves  in  the  reactor  flange, 
was  selected  for  the  ssmllndustrial  apparatus. 

Until  quite  recently,  the  literature  offered  practically  no 
data  on  the  preparation  of  iodide  titanium  in  metallic  apparatus 
[3].  However,  some  data  were  published  on  the  use  of  such  appa¬ 
ratus  for  the  preparation  of  iodide  sirconium  [31],  and  they  were 
received  with  Just  as  much  interest  for  their  bearing  on  iodide 
titanium  and  put  to  use  by  researchers  engaged  in  work  on  the 
production  of  the  latter  metal. 
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Figure  97.  Metallic  apparatus  for  the  iodide 
process.  1)  Hard-vacuum  pump;  2)  freeze-out 
unit;  35  valve;  <0  copper  electrode;  5)  thermo¬ 
couple;  6)  tank  with  temperature-stabilized 
liquid;  7)  cooling  coil;  8)  molybdenum  shield; 

9)  zirconium  tetraiodide  bottle;  10)  molybdenum 
electrode  pole  piece;  11)  ribbon-type  heaters; 

12)  circulation  tube;  13)  unit  made  from 

Hflft'kAl  Intf  R  all  AV  •  T  ^  ^  ml  tv»a«4  life  enAM«««  •  1  CN 

—  —  *  —  *r  »  —  •/  VW»**W4U  W|/V«»5W  )  +  J  t 

ceramic  liners;  16)  stirrer  with  case;  17) 
packing  ring;  18)  zirconium  wire  for  attach¬ 
ment  of  bottle;  19)  liquid  level. 

Figure  97  shows  an  experimental  unit  by  Westinghouse  for  pro¬ 
duction  of  iodide  zirconium.  A  distinctive  design  feature  of 
this  apparatus  is  that  the  entire  reaction  flask,  Including  the 
cover,  is  immersed  in  a  liquid  constant-temperature  bath  to 
stabilize  its  temperature.  The  apparatus  is  made  from  Hastelloy 
B  and  is  305  mm  in  diameter  and  1220  mm  high.  The  molybdenum 
screen  that  separates  the  sponge  space  is  267  ram  in  diameter  and 
positioned  concentrically  in  the  reactor. 
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The  25.4-mm-diameter  electrodes  consist  of  two  sections.  The 
lower  section,  which  Is  subject  to  exposure  to  iodine  and  Iodide 
vapor.  Is  made  of  molybdenum,  while  the  upper  section,  which  is 
attached  to  it  and  extends  through  the  cover  of  the  unit,  is  made 
from  copper.  Water-cooling  passages  are  drilled  axially  through 
the  copper  parts  of  the  electrodes.  The  electrodes  are  insulated 
from  the  cover  of  the  apparatus  by  nonporou3  ceramic  bushings 
(made  from  aluminum  oxide  or  zirconium  dioxide).  The  cover  pack¬ 
ing  is  of  gold  (wire  0.89  mm  in  diameter).  The  authors  of  the 
design  Justify  the  use  of  this  packing  material  by  the  high  corro¬ 
sion  stability  of  gold,  which  is  fully  retained  even  after  rer.elt- 
ing  and  drawing  of  wire  suitable  for  reuse.  Thus,  they  find  the 
use  of  gold  as  s  packing  material  economically  expedient  in  spite 
of  its  high  cost. 

It  is  especially  difficult  to  design  valves  for  iodide  equip¬ 
ment.  Conventional  packed  valves  are  unsuitable  under  the  condi¬ 
tions  of  the  Iodide  process.  The  same  applies  to  unpacked  bel- 
lows-type  vacuum  valves,  which  are  unsuitable  because  of  the  cor¬ 
rosion  and  cracking  caused  by  condensation  of  the  solid  on  the 
turns  of  the  bellows.  Diaphragm-type  valves  are  of  little  help, 
since  the  clearance  between  the  seat  and  plunger  is  too  small  in 
the  open  position  in  valves  of  suitable  size,  and  this  prevents 
quick  pumping  of  the  apparatus  [31]. 

As  we  see  from  Fig.  97,  the  valve  used  in  this  unit  is  of 
special  design  and  incorporates  a  stationary  water-cooled  rod 
with  a  packing  ring.  The  plunger  is  carefully  polished  and  bears 
against  an  acute-angle  taper  machined  out  of  the  valve  casing. 
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As  we  noted  above,  corrosion  tests  run  on  various  metallic 
materials  established  that,  in  addition  to  Hastolloy  B,  the  alloy 
Inconel  la  also  suitable  for  building  such  equipment.  The  firm 
Foote  Mineral  manufactures  apparatus  made  from  this  material  for 
Industrial  production  of  iodide  zirconium.  The  firm  has  Installed 
a  large  number  of  Inconel  units  229  mm  in  diameter  and  610  mm  high 
in  one  of  its  shops;  they  produce  2.7  kg  of  metal  per  cycle  (32 
hours)  [34].  Two  series-connected  heaters  in  the  form  of  pins 
2.5  mm  in  diameter  with  a  single-arm  length  of  483  ram  are 
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suspended  in  cne  head  of  each  unit. 

The  units  are  held  at  temperature  (about  340° C)  during  the 
process  by  means  of  snail  salt  baths  with  automatic  air  cooling. 

In  contrast  to  Foote  Mineral,  the  firm  We3tinghouse  considers 
it  advantageous  to  use  equipment  with  substantially  higher  (by 
a  factor  of  10  to  20)  per-cycle  productivity  in  industrial  produc¬ 
tion  of  iodide  zirconium.  Figure  98  shows  a  schematic  sectional 
drawing  of  this  unit.  It  is  also  thermostated  by  means  of  a  salt 
bath  to  maintain  process  temperature.  The  bath  is  hrated  by  in¬ 
ternal  heaters,  and  heat  is  withdrawn  by  water  injected  into  a 
shell  surrounding  the  bath.  The  apparatus  is  6l  cm  In  diameter 
and  1.7  in  high  and  uses  an  initial  heater  2.4  mm  in  diameter  and 
15*2  m  long.  This  heater  is  bent  to  form  a  series  of  six  "pins" 
and  suspended  vertically  between  two  round  plates  secured  to  the 
unit's  cover.  The  cover  and  case  of  the  unit  are  sealed  with  a 
gold  packing  0.9  mm  in  diameter.  The  electrode  design  Is  similar 
to  that  described  earlier.  At  an  average  metal  deposition  rate  of 
about  0.4  kg/hour,  the  unit  delivers  53  kg  of  refined  zirconium 
in  a  cycle  (in  which  the  power  dissipated  by  the  bar  range 
75  kW).  Modernization  of  the  Westinghouse  unit  raised  its  per- 
cycle  output  and  more  than  doubled  the  rate  of  sstsl  deposition 
per  unit  heater  length  [31] .  It  was  improved  by  placing  a  layer 
of  cooled  sponge  inside  the  cylinder  formed  by  the  heaters  and 
modifying  the  salt  baths  to  provide  appropriate  cooling  (Fig.  99). 

The  modernized  unit  was  capable  of  growing  substantially 
larger  bars  of  the  metal  as  a  result  of  the  increased  heat-dissi¬ 
pation  surface  obtained  by  introduction  of  a  central  cooling  pipe. 

Until  very  recently,  very  little  information  was  published 
on  the  production  of  iodide  titanium  in  metallic  equipment. 

Oonser  published  a  report  [35]  on  the  preparation  of  iodide 
titanium  in  laboratory-scale  metallic  apparatus.  The  unit  used 
for  this  purpose  was  114  mm  in  diameter  and  762  mm  long  and  could 
produce  titanium  bars  of  satisfactory  quality  In  the  form  of  rods 
610  mm  long,  up  to  16  mm  in  diameter,  and  weighing  from  700  to 
750  g.  The  cycle  time  in  his  experiments  ranged  from  30  to  48 
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paratus  (schematic  sec- 
t*4  „„  tional  drawing),  l)  cir- 

Plgure  98.  Westing-  culatlon  tube;  2)  elec- 

housemetai  equipment.  trie  motor  for  circuin- 

1/  AOuxne;  2)  iodine  tion  pump;  3)  internal 

tank  valve;  3)  elec-  cooling  tube;  4)  central 

valve”’*;?  “21!?  vaouum  layer  of  sponge;  5)  multi, 

vaive,  5)  safety  valve;  loop  heater;  6)  vannM».. 

support  ll  main  circulation  punr*;  ’ 

plate,  7)  zirconium  8)  outer  sponge  lav«*r- 

“p?n 8)  molybdenum  9)  valve;  10)  electrode.-; 

shield;  9)  water  noz-  11)  weight, 

zles;  10)  initial  zir¬ 
conium  wire;  11)  cool¬ 
ie?  Ha84te1'  h0UP5’  ElectKj  Power  con- 

insulators;  l*)*vapor  sumption  was  around  9C  kWh 

exit;  15) y condensate  Per  kilogram  of  metal. 

~rs4.n;  lo;  iiasteiioy 

®“pp?p*  plaJei  !7)  ^  submitting  the  results 

molybdenum  heat  shield*  1.4  3 

18)  fused-salt  drain;  ’  °f  hls  Production-engineering 

??!  20 }  fuides;  experiments,  the  author  unfor- 

21)  molybdenum-wire  tie-  tun»f*iv  _4 

down;  22)  draft  cireula-  tunately  gives  no  information 

.Joint?1??!  °n  th*  naterlal  o<*  which  the 

25)  thermocouple  sleeve;  Peactlon  apparatus  was  built. 

26)  mixer  electric  motor. 

’  Later  reports  [36J  made 

trim  4.4  reference  to  the  routine  Indus- 
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no  information  is  given  on  the  structural  materials  used  to  build 
the  equipment. 

hater  publications  gave  rather 
detailed  information  on  the  design  and 
process  conditions  of  all-metal  indus¬ 
trial-type  apparatus  for  the  produc¬ 
tion  of  iodide  titanium  with  a  design 
cycle  output  of  24  kg,  or  10  kg  of 
metal  per  day  [33.  37]. 

The  reactor,  a  schematic  drawing 
of  which  appears  in  Fig.  100  [373,  is 
a  cylindrical  vessel  made  from  Kh20N80 
alloy,  has  a  flush  cover,  and  io  de- 
st.jr.vd  for  wont  in  a  vacuum.  The 
charge  to  Le  refined  (crude  titanium) 
is  placed  In  the  space  formed  between 
tne  reactor  inner  walls  and  a  cylinder  plgure  100.  mdustrial- 
of  molybdenum  screening  stretched  on  tvns  metallic  unit  for 

a  molybdenum-rod  framework.  The  ti-  Slum?10"  °f 

-.anium  filament  '3-4  mm  thick)  is 

wound  on  a  special  fixture  with  tungsten-wire  tensioners  secured 
In  steatite  insulators.  The  totan  design  length  of  filament  is 
about  11  seter3 .  A  vacuum-rubber  gasket  cooled  by  water  flowing 
through  a  groove  is  used  to  seal  the  cover  to  the  unit. 

The  amount  or  iodine  required  for  the  process  is  introduced 
into  the  unit  in  a  sealed  glass  ampule,  which  is  placed  in  a  de¬ 
vice  inside  it3  cover  (the  ampule  holder).  After  assembly,  the 
gasses  are  pumped  out  of  the  unit  and  the  charge  of  crude  titan¬ 
ium  by  series-connected  forevacuum  (VN-1)  and  oil-diffusion  (N-5) 
pumps  and  the  retort  is  heated.  When  a  residual  pressure  of  the 
order  of  lCT^-lO"-’  mm  Hg  has  been  reached  in  the  apparatus,  pump¬ 
ing  Is  stopped,  the  vacuum  slldegate  is  closed,  the  reactor  is 
disconnected  from  the  vacuum  system,  and  the  iodine  is  released 
into  the  reactor,  which  is  now  at  200°C.  This  is  done  by  invest¬ 
ing  the  ampule-holder  cylinder  in  a  heating  coil  and  simultaneous¬ 
ly  removing  the  sealoff  from  the  ampule  (by  overheating  it  with 
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electric  current  or  breaking  it  off  with  a  special  prod).  After 
admission  of  iodine  into  the  reactor,  a  certain  amount  of  time  is 
allowed  for  formation  of  the  necessary  amount  of  titanium  tetra- 
iodide,  current  is  switched  into  the  wire,  and  the  process  of  de¬ 
positing  the  iodide  titanium  is  started.  An  air-washed  constant- 
temperature  bath  was  tested  for  removal  of  heat  from  the  reactor 
walls.  However,  it  was  found  impossible  to  establish  uniform  tem¬ 
perature  on  the  surface  of  the  reactor  and  vary  it  in  accordance 
with  the  Intended  schedule  by  regulating  the  stream  of  air  fed 
into  the  thermostat  tubing.  The  unit  was  subsequently  thermo- 
stated  with  boiling  water,  since  the  same  authors  had  established 
in  laboratory  experiments  that  iodide  titanium  is  deposited  at  an 
acceptable  rate  even  when  the  reactor  walls  are  at  100° C.  This 
thermostating  principle  ensured  uniform  temperature  over  the  en¬ 
tire  surface  of  the  reactor,  is  easily  capable  of  removing  the 
heat  liberated  in  the  process ,  and  stabilizes  the  process  by  mini¬ 
mizing  the  rate  of  diiodide  formation.  The  steam  formed  a*  a  re¬ 
sult  of  heat  offtake  was  diverted  to  a  boiler  condenser,  from 
which  the  condensate  was  returned  to  the  thermostat  tank. 

The  electrical  equipment  of  the  installation  was  ca:  able  of 
delivering  currents  up  to  2000  A  into  the  wire  with  smooth  regula¬ 
tion  of  the  voltage  from  220  to  20  V. 

As  we  noted  above,  when  the  iodide  process  is  carried  out  in 
metallic  apparatus  and  {in  contrast  to  glass  apparatus)  it  is  im¬ 
possible  to  monitor  heating  of  the  wire  visually,  holding  the  wire 
at  constant  temperature  becomes  a  rather  complex  task,  since  its 
diameter  increases  progressively  and  its  resistance  drops  as  ti¬ 
tanium  builds  up. 

To  ensure  constancy  of  wire  temperature,  it  is  necessary  to 
regulate  the  voltage  and  current  as  functions  of  its  diameter. 

Since  the  Tiljj  vapor  pressure  in  the  reactor  remains  constant 
during  the  process,  and  the  heat  losses  from  the  wire  through  the 
electroaes  are  insignificant,  it  can  be  assumed  that  practically 
all  of  the  electric  power  supplied  is  used  to  compensate  for  the 
loss  of  the  heat  radiated  from  the  wire  (bar)  surface.  As  the 
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titanium  grov.-s ,  the  power  supplied  to  the  bar  must  be  increased 
systematically  to  cover  the  heat  losses,  which  increase  as  bar 
diameter  increases.  Thus,  the  electric  power  being  supplied  to 
the  bar  at  any  given  part  in  the  process  must  be  equal  to  the 
power  W  radiated  by  its  incandescent  surface: 

U'-‘  r?  <i)S  r=  l*H  tr,  ,  (25) 

n 

whare  a)  is  tb.e  emittance  of  the  titanium,  S  is  the  surface  area 
of  the  bar,  I  and  E  are  the  current  and  voltage  applied  to  the 
tar,  and  R  is  the  resistance  of  the  bar. 

Substituting  values  of  S  and  R,  expressed  in  terms  of  the 
bar’s  diameter  and  length,  into  this  equation  together  with  the 
bar’s  resistivity  p,  we  obtain 


«i nlV  n 


(26) 


Thus,  in  order  to  determine  the  heat  losses  and,  consequently,  the 
amount  of  electric  power  to  be  supplied,  we  need  to  know  only  the 
emittance  and  resistivity  of  titanium  at  the  temperature  to  which 
the  titanium  tar  is  heated.  Thus,  for  example,  these  parameters 
are  19.55  W/cm2  and  227  n*mra2/m*10~6  at  1300°C  [33,  373. 


Rearranging  the  last  equa¬ 
tion,  which  links  the  voltage  and 
current  with  the  geometrical  di¬ 
mensions  of  the  incandescent  bar, 
we  obtain  the  condition  under 
which  its  temperature  will  be 
held  constant  [31,  33,  37]: 

/£*---/(.  (27) 

where  K  is  a  constant. 


Having  determined  the  volt¬ 
ages  and  currents  for  various 
grown-bar  diameters  and  plotted 
the  I  »  f(E)  curve  (the  volt- 
ampere  characteristic  of  the 


Pigure  101.  Volt-ampere  char 
acteristics  of  titanium  depo¬ 
sition  at  various  filament 
(bar)  temperatures,  con¬ 
structed  from  experimentally 
obtained  data. 
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process ),  we  car.  regulate  the  temperature  In  the  hermetically 
sealed  metallic  apparatus  In  accordance  with  this  curve. 

Volt-ampere  characteristics  plot¬ 
ted  by  the  authors  of  [37]  for  var¬ 
ious  titanium-deposition  temperatures 
(1250-3 350°C)  appear  in  Pig.  101.  The 
electrical  parameters  of  the  iodide- 
titanium  production  process  were  regu¬ 
lated  automatically  with  a  special  de¬ 
vice  in  accordance  with  this  diagram. 

It  was  established  in  experiments 
conducted  in  the  industrial-type  ap¬ 
paratus  described  (Pig.  100)  that  the 
metal  was  deposited  nor.uniformly  on 
the  wire,  which  was  not  centered  in 
the  cross  section  of  the  resulting 
bar.  A  thicker  layer  of  metal  settled 
on  the  side  of  the  wire  facing  the 
charge,  since  the  rate  of  the  process 
increased  with  decreasing  distance  be¬ 
tween  them. 

For  this  reason,  the  reactor  design  was  modified  by  placing 
the  crude  metal  on  both  sides  of  the  wire,  at  approximately  equal 
distances  (Pig.  102);  this  ensured  not  only  uniform  deposition  of 
the  metal,  but  also  a  substantial  increase  in  the  rate  of  the 
process. 

The  authors  of  [333  deposited  bars  of  iodide  titanium  18-19 
mm  in  diameter  in  the  units  described  above,  obtaining  10-12  kg 
per  cycle.  The  metal  bars  were  highly  plastic  as  a  result  of  a 
sharp  decrease  in  their  gaseous-impurity  contents,  and  wires, 
thin  ribbons,  and  thin-walled  tubes  were  pressworked  cold  from 
them  with  reduction  ratios  up  to  99.5-99.8%  (without  intermediate 

annealing) . 


Figure  102.  Metallic 
apparatus  of  indus¬ 
trial  type  with  double 
shield. 
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Prospects  for  Development  of  the  Iodide  Process 

The  principal  disadvantage  of  the  iodide  method  is  the  com¬ 
paratively  high  cost  of  the  metal  produced,  which  lesults  from 
the  high  cost  of  the  starting  materials  and  the  high  electric 
power  consumption  and  low  productivity  of  the  procest- ,  which  is 
intermittent  (cyclical)  in  nature. 

The  cost  of  l.se  initial  products  can  be  reduced  substantial¬ 
ly  if  the  sponge  Is  replaced  by  other,  cheaper  titanium-contain¬ 
ing  materials  and  provision  is  made  for  complete  regeneration  of 
the  iodine.  One  possible  approach  to  solution  of  this  problem 
might  be  a  method  that  has  been  proposed  for  preliminary  prepara¬ 
tion  of  titanium  tetraiodide  from  a  cheap  titanium-aluminum  alloy 
[27].  An  Increase  in  process  productivity  might  then  be  expected 
from  passing  a  continuous  stream  of  tetraiodide  vapor  over  the 
hot  wire,  since  the  dependence  of  titanium  deposition  rate  on  the 
rates  of  iodide  and  titanium  iodide  diffusion  would  he  eliminated. 

The  titanium-aluminum  alloy  used  as  the  starting  material  in 
production  of  titanium  tetraiodide  was  produced  by  aluminothermic 
reduction  of  technical  titanium  dioxide;  it  contained  about  70# 

71,  11#  Al,  1*  Fe,  1#  Si,  and  up  to  17#  oxides.  The  principle  of 
the  method,  which  was  described  in  detail  by  the  authors  of  [27], 
is  tased  on  the  fact  that  when  this  alloy  is  treated  with  element¬ 
ary  iodine  dissolved  in  carbon  disulfide,  its  principal  components 
form  iodides  in  the  reactions 

Tl  +  2J,  —  TU* 

2AI  +  3J,  3AW|.  (28) 

The  iodides  of  titanium  and  aluminum  dissolve  quantitatively  in 
carbon  disulfide  (on  boiling  for  1  hour  in  the  absence  of  mois¬ 
ture);  after  this,  the  solution  is  decanted  off  the  solid  residue 
and  the  carbon  disulfide  is  driven  out.  The  resulting  mixture  of 
titanium  and  aluminum  iodide  crystals  is  then  heated  in  a  current 
of  dry  helium  with  potassium  iodide,  whereupon  the  potassium  and 
aluminum  iodides  react  with  one  another,  forming  the  nonvolatile 
compound  KAlIj,  and  the  titanium  tetraiodide  is  distilled  off  and 
condensed.  Titanium  tetraiodide  prepared  by  this  method  contains 
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leab  than  0.011  of  impurity  aluminum  and  can  be  used  to  produce 
the  Iodide  metal. 

The  method  has  an  advantage  in  the 
possibility  of  extraction  of  the  most 
valuable  component  —  the  iodine  (ele¬ 
mentary  and  in  the  form  of  potassium 
iodide)  —  from  the  reaction  products; 
this  is  accomplished  by  heating  the 
potassium  lodoalumlnate  to  a  red  glow 
and  passing  dry  air  through  It: 


Pigure  103.  Apparatus 
for  deposition  of  ti¬ 
tanium  from  boiling 
film.  1)  Condenser; 

2)  vapor  trap;  3) 
valve;  4)  vacuum  pump; 
5)  power  supnly;  6) 
reaction  flask. 


4KAI*+*\-.4IU+ 

+tfc+*AIA.  <29 ) 

This  method,  which  is  based  on  use 
of  an  inexpensive  raw  material  to  pro¬ 
duce  iodide  titanium  and  permits  prac¬ 
tically  complete  (98*,  according  to 
the  authors)  regeneration  of  the  io- 


dine,  can  improve  the  economy  figures 
of  the  iodide  process  substantially. 

Interest  attaches  to  the  so-called  boiling-film  method  of 
titanium  deposition,  which  was  tested  by  Petersen  and  Bromley  on 
a  laboratory  scale  C31L  a*  »  means  of  raising  the  productivity 
of  the  process  and  reducing  the  amount  of  electricity  used.  Thl3 
method,  which  was  realised  in  the  apparatus  shown  schematically 
in  Pig.  103,  consists  in  depositing  the  titanium  directly  from 
liquid  Tilj,  by  forming  a  boiling  film  around  a  wire  heated  to 
l6QO-174o*C  (i.e.,  to  a  temperature  near  the  melting  point  of  ti¬ 
tanium)  . 

The  originators  of  the  method  obtained  titanium-deposition 
rates  from  1000  to  10,000  mg/(cm2,h)  at  an  electric  power  consump¬ 
tion  of  4.4  to  44  kW*h  per  kilogram  of  metal,  i.e.,  a  substantial 
j aprovament  over  the  conventional  thermal  dissociation  of  titanium 
tetraiodide,  for  which,  for  example,  Runnals  and  Pidgeon  [133  re¬ 
ed  metal  deposition  rates  of  10-100  mg/(cm  *h)  and  electric 
power  consumptions  from  88  to  153  kW'h. 
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After  solution  of  certain  problems  related  to  material  selec¬ 
tion  and  control  of  the  process,  this  method  may  form  a  basis  for 
a  continuous  or  semi continuous  process. 

There  have  also  been  several  other  proposals  oriented  toward 
development  of  a  continuous  iodide  process.  They  Include,  for  ex¬ 
ample,  the  suggestion  that  the  iodides  be  decomposed  in  an  elec¬ 
tric  arc  struck  between  an  ingot  of  the  metal  and  a  hollow  elec¬ 
trode  through  which  iodide  vapor  is  passed  [31]*  Dissociation  of 
the  itdide  produces  the  metal  in  the  molten  state,  the  ingot  is 
agitated  continuously  as  it  grows,  and  the  iodine  and  excess  io¬ 
dide  are  to  be  pumped  out  and  condensed. 

However,  Implementation  of  any  of  these  proposals  will  re¬ 
quire  that  major  difficulties  be  overcome  and  much  research  be 
done  to  confirm  their  feasibility  and  establish  their  technical- 
economy  indicators. 

In  addition  to  the  iodide  method,  the  .subhalide  method  is  of 
interest  for  the  refinement  of  technical  titanium;  it  is  based  on 
purification  of  the  metal  by  disproportionation  of  its  lower 
halides  (for  example,  subchlorides,  subbromides),  and  its  develop¬ 
ment  has  been  given  a  great  deal  of  attention  in  Great  Britain  by 
the  Fal'mer  [transliterated  from  Russian]  Researeh  Institute  [261. 

fiamraamurthy  [24]  made  a  thermodynamic  analysis  of  certain 
disproportion  reactions  of  lower  titanium  halides.  The  free- 
energy  changes  that  he  computed  for  these  reactions  at  500°K  are 
given  below: 

Reaction  AZ° ,  kcal 


Reaction 

*TKa,*TX3,+TItC 

stkwsti+ticC  • 

1  TS*Sl*r,+Tiari 
1  THW.ZTI+Tmf,  . 
J  TU.CTU.+TU,  . 

9  TU.2TI+TU,  .  . 


•At  1000°K,  AZ°  -  2.7  kcal. 

••At  1000°K,  AZ°  -  13*7  kcal. 

The  thermodynamic  foundations  of  the  disproportion  reactions 
of  titanium  lower  halides  and  the  aubchlorides  in  particular  were 
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subsequently  studied  by  a  number  of  investigators  and  are  illumi¬ 
nated  in  the  specialized  literature  [41]. 

Referring  to  the  example  of  the  free-energy  changes  of  titan¬ 
ium  subchlorides  at  various  temperatures,  we  see  that  Rammamurthy ' s 
data  indicate  the  feasibility  of  a  process  in  which  the  titanium 
tetrahalide  is  reduced  by  crude  titanium  to  the  dihalide  at  low 
temperatures,  while  at  higher  temperatures  the  dihallde  will  de¬ 
compose,  releasing  metallic  titanium. 

It  is  this  principle  that  forms  the  basis  for  a  process  pro¬ 
posed  by  the  Fal'mer  Institute  for  production  of  highly  purified 
titanium.  According  to  its  authors,  the  lower  titanium  chlorides 
or  bromides,  and  especially  the  dihalides,  can  be  prepared  easily 
and  in  high  yields  by  treating  the  crude  metal  with  tetrahalide 
vapor  (TlCljj ,  TiBr^).  This  substantially  eliminates  most  of  the 
impurities  usually  present  in  the  crude  metal  that  admit  with  dif¬ 
ficulty  or  not  at  all  to  chlorination  (bromination)  by  titanium 
tetrahalides  and  produces  titanium  subhalides  ( sub chlorides ,  sub¬ 
bromides)  that  are  practically  free  of  these  impurities. 

At  ordinary  temperatures,  the  lower  chlorides  and  bromides 
of  titanium  have  moderate  vapor  pressures.  Thus  the  metal  to  be 
refined  interacts  with  its  tetrahalides  at  moderately  elevated 
temperatures,  at  which  the  vapor  pressures  cf  the  resulting  sub¬ 
halides  are  quite  high  and  ensure  their  removal  from  the  reaction 
tone. 

In  this  process,  titanium  tetrachloride  or  tetrabromide  vapor 
is  passed  a$  these  temperatures  and  in  an  inert  atmosphere  (dr 
vacuum)  over  the  crude  metal  to  be  refined  to  produce  the  corre¬ 
sponding  lower  titanium  halides  in  the  form  of  vapors  that  are 
trapped  in  the  cooled  zone  of  the  apparatus  —  a  condenser.  The 
condensate  is  then  heated  and  the  disproportionation  reaction 
used  to  obtain  pure  secondary  metallic  titanium  and  the  tetraha¬ 
lide,  which  is  condensed  in  the  cold  zone  and  returned  to  the  proc¬ 
ess  for  halogenation  of  crude  metal. 

Crude  metal  can  be  refined  in  a  continuous  technological  flow 
in  a  system  consisting  of  two  units  that  are  heated  and  cooled  by 
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turns  after  connecting  and  disconnecting  them,  respectively,  from 
the  TiCl^  (TlBr^)  current  [26].  A  titanium-refining  process  based 
on  disproportionation  of  its  lower  halides  (chlorides,  bromides) 
was  subsequently  also  patented  in  the  USA.  ‘  However,  it  must  be 
remembered  that  metal  produced  by  disproportionation  of  titanium 
subchlorides  or  subbromides  has  a  finely  dispersed  structure,  and 
that  special  measures  are  required  to  eliminate  oxidation  when  it 
is  extracted  from  the  apparatus.  The  subchloride  process  has  an 
advantage  for  practical  use  over  the  subbromide  process  because 
of  the  large-scale  industrial  production  of  titanium  tetrachloride 
and  its  relatively  low  cost.  This  same  circumstance  (the  avail¬ 
ability  of  an  industrial  technology  for  chlorination  of  titanium- 
containing  raw  matex'ials)  also  gives  the  subchloride  refining 
process  an  advantage  over  the  iodide  method,  which  uses  the  com¬ 
paratively  less  plentiful  and  more  expensive  iodine.  Yet  another 
advantage  of  the  subchloride  method  la  the  fact  that,  unlike  the 
iodide  method,  not  one  but  both  stages  of  the  process  are  refin¬ 
ing,  l.e.,  both  chlorination  and  disproportionation,  in  which  the 
metal  is  purified  of  Mscellaneous  chloride  impurities  (AlCl^, 
••LgCl^:  that  settle  on  the  condenser  together  with  the  titanium 
subchloride3. 


The  purity  of  titanium  produced  by  the  iodide  and  subchloride 
processes  can  ce  improved  by  zone  melting.  It  has  been  reported 
that  the  metallic-impurity  content  in  the  titanium  is  greatly  re¬ 
duced  by  zone  refining  [42].  The  authors  of  another  paper  [43], 
who  investigated  induction  zone  remeltlng  of  iodide  titanium  and 
certain  other  high-melting  metals,  established  that  under  appro¬ 
priate  conditions  (current  frequency  250  kHz,  bar  diameter  11  mm, 
speed  2  mm/min,  pass  length  85  mm,  8  passes),  the  contents  of 
iron,  chromium,  manganese,  and  silicon  impurities  in  the  refined 
titanium  can  be  reduced  by  a  factor  of  10,  and  that  of  aluminum 
by  a  factor  of  100. 

The  recent  literature  offers  Information  on  further  progress 
made  in  the  zone  refining  of  titanium.  Thus,  it  is  reported  [44, 
45]  that  the  firm  Materials  Research  Corporation  in  the  USA  is 
producing  ultrapure  titanium  with  a  99.9999*  content  of  the 
Footnote  (2)  is  on  page  507. 
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principal  element  by  electron-beam  noncrucible  zone  remelting  of 
iodide  metal.  This  metal,  which  is  produced  in  the  form  of  rods, 
wires,  or  foils,  is  substantially  more  plastic  than  titanium  pro¬ 
duced  by  thermal  dissociation  of  its  iodides.  Thus,  titanium 
rods  produced  by  zone  purification  (6.35  mm  in  diameter)  are  so 
plastic  that  wires  0.23  mm  in  diameter  can  be  drawn  from  them 
without  intermediate  annealing. 


The  ultrapure  titanium  is  expensive  (rods  0.6  cm  in  diameter 
cost  $40  per  2.5  cm  and  wires  0.5  mm  in  diameter  $2.50  per  30.5 
cm),  and  its  uses  are  therefore  severely  limited  — for  example, 
in  electron!  .vices  and  other  critical  fields  of  application. 
Thin  films  produoted  by  vaporization  of  ultrapure  titanium  in  a 
hard  vacuum  are  extremely  valuable  to  the  electronics  industry. 

Iodide  titanium  purified  by  electron-beam  noncrucible  zone 
re  melting  is  used  as  a  starting  material  in  the  preparation  of 
single  crystals  of  this  metal  [38.  *63*  Titanium  single  crystals 
are  grown  by  alow  displacement  of  the  molten  zone  along  a  solid 
ingot  in  such  a  way  that  crystallisation  centers  form  in  the  low- 
temperature  o-phaae  and  single-crystal  growth  begins  from  them  in 
the  high-temperature  0-phase. 
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SMELTING  OF  TITANIUM,  REFINING  OF  CERTIFIED  SCRAP 
POWDER  METALLURGY  OF  TITANIUM 
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Chapter  20 

'  SMELTING  INGOTS  FROM  TITANIUM  AND 
TITANIUM-BASE  ALLOYS 

Many  Soviet  and  foreign  studies  have  been  devoted  to  the 
smelting  of  titanium  and  titanium-based  alloy  Ingots.  A  large 
amount  of  factual  material  on  the  technology  of  smelting  and 
furnace  designs  for  this  purpose  is  available  in  the  monographs 
[1,  2,  lt3],  which  were  written  by  teams  of  Soviet  authors. 

Development  of  a  technology  for  smelting  titanium  required 
that  the  following  series  of  obstacles  be  surmounted:  at  high 
temperatures ,  and  to  an  even  greater  degree  in  liquid  form,  ti¬ 
tanium  reacts  vigorously  with  -all  refractory  materials ,  including 
the  oxides  usually  used  in  refractories,  with  the  result  that  it 
becomes  contaminated  by  oxygen  and  loses  plasticity.  Smelting  of 
titanium  in  graphite  crucibles  results  in  its  contamination  by 
carbon,  which  also  lowers  the  mechanical  characteristics  of  the 
metal  appreciably. 

A  method  in  which  .titanium  is  smelted  in  an  electric-arc 
furnace  with  a  water-cooled  copper  crystalllser  has  been  found 
most  suitable.  The  electric  arc  bums  between  an  electrode  made 
from  a  high-melting  material  (nonconsumable  electrode)  or  from 
metal  to.be  remelted  (cpnsumable  electrode)  and  a  molten  pool  of 
this  metal.  The  metal  next  to  the  cold  walls  of  the  crystallizer 
chiils  very  quickly  and  melting  actually  takes  place  in  a  titanium 
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lining.  Since  the  lining  does  not  adhere  to  the  crystallizer 
walls,  a  moving  bottom  can  be  used,  so  that  the  ingot  can  be  ex¬ 
tracted  from  the  crystallizer  during  the  smelting  process.  A 
fixed-bottom  crystallizer  can  also  be  used  (this  is  the  most  com¬ 
monly  encountered  design),  but  then  the  height  of  the  crystallizer 
and  the  entire  design  must  be  much  greater,  and  this  makes  the 
unit  itself  and  the  shop  building  more  expensive. 

In  practice,  tungsten  coated  with  thorium  to  increase  its 
electron  emission  and  graphite  impregnated  with  titanium,  to  re¬ 
duce  carbonization  of  the  smelted  ingot  have  been  used  as  noncon¬ 
sumable  electrodes  in  titanium  smelting.  Smelting  has  been  car¬ 
ried  out  in  an  argon  or  helium  atmosphere  or  a  mixture  of  these 
gases  under  a  partial  vacuum  (about  200-250  mm  Hg).  The  electrode 
was  positioned  eccentrically  in  the  furnace  to  obtain  uniform 
heating  of  the  molten-pool  surface.  As  it  was  turned,  the  elec¬ 
tric  arc  described  a  circle  and  heated  the  entire  surface  of  the 
liquid  metal  pool.  Titanium  Ingots  weighing  up  to  1000  kg  have 
been  smelted  out  in  arc  furnaces  with  nonconsumable  graphite  elec¬ 
trodes  [3]. 

Arc  furnaces  in  which  high-melting  metals  are  smelted  operate 
on  direct  current,  with  the  ingot  usually  serving  as  the  anode, 
since  more  energy  is  released  at  the  anode  than  at  the  cathode 
(about  two-thirds).  This  current  supply  to  the  furnace  Is  refer¬ 
red  to  as  the  forward  polarity.  Figure  10l»  presents  a  diagram  of 
an  arc  furnace  with  nonconsumable  electrode  for  smelting  titanium 
ingots. 

Industrial  use  of  arc  furnaces  of  this  design  for  smelting 
titanium  was  short-lived,  since  they  have  the  following  disadvan¬ 
tages: 

a)  contamination  of  the  Ingot  by  inclusions  of  material  from 
the  nonconsumable  electrode.  When  smelting  was  done  with  a  tung¬ 
sten  electrode  in  inert  gases,  splashing  of  the  metal  struck  the 
electrode  and  eroded  it.  During  subsequent  pressworking  of  the 
ingot,  the  inclusions  of  the  Tl-W  alloy  broke  up,  forming  various 
types  of  defects.  Use  of  graphite  electrodes  improved  the  situa-  ’ 
tlon  somewhat  in  this  respect; 
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Figure  104.  Diagram 
showing  construction 
of  vacuum- arc  fur¬ 
nace  with  nonconsum- 
able  electrode.  1) 
Water-cooled  copper 
bottom;  2)  Jacket 
made  from  nonmagnet¬ 
ic  material  for  cool¬ 
ing  of  crystal!  *  w; 

3)  copper  crysv- 
User;  4)  solenoid, 

5)  flange  for  attach¬ 
ment  of  forevacuum 
pump;  6)  booster  pump; 
7)  automatic  weighing 
batcher;  8)  hopper  for 
alloying  additives;  9) 
hopper  for  sponge;  10) 
electrode  fed  mecha¬ 
nism;  11)  sliding  vac¬ 
uum  packing;  12)  In¬ 
spection  window;  13) 
cover;  14)  water- 
cooled  copper  elec¬ 
trode  holder;  15) 
graphite  electrode; 

16)  dc  generator. 


b)  premature  chilling  of  the  In¬ 
got,  which  produced  an  irregular  sur¬ 
face;  when  the  Ingot  was  roughed  down, 
as  much  as  25f  of  the  metal  was  lost 
In  the  shavings; 

c)  the  molten  pool  is  shallow  and 
not  well  agitated,  with  the  result 
that  the  ingot  is  strongly  inhomogen¬ 
eous  over  Its  cross  section  and  height; 

O  feeder  performance  did  not  en¬ 
sure  delivery  of  the  alloying  conpo- 
nents  in  the  proper  proportions,  and 
this  also  tended  to  make  the  ingots 
nonuniforo  in  chemical  composition; 

e)  evolution  of  gases  during 
smelting  of  the  metal  causes  It  to 
spatter.  On  striking  the  crystallizer 
walls,  these  splashes  solidify  and 
form  a  "crown,"  which  interferes  witn 
rotation  of  the  electrode  (if  the  fur¬ 
nace  design  provides  for  rotation)  and 
produces  short  circuits.  As  a  result, 
it  is  necessary  to  load  the  charge 
into  the  furnace  slowly  [1,  3,  4], 

Another  reason  for  slow  melting 
of  the  charge  is  the  fact  that  about 
1/3  of  the  energy  is  released  at  the 
nonconsumable  electrode,  an  amount  that 
increases  as  the  residual  pressure  de¬ 
clines  [5]> 

The  smelting  technology  of  titan¬ 
ium  and  its  alloys  was  Improved  sub¬ 
stantially  by  substituting  a  vacuum 
for  the  inert  gas  and  using  consumable 


electrodes  made  from  the  charge  to  be  smelted  and  electromagnetic 
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solenoid  colls  for  stabilization  of  the 
arc  and  agitation  of  the  molten  metal 
pool  in  the  furnace.  The  outgassing  of 
the  metal  that  takes  place  during  vacuum 
smelting  helped  improve  the  mechanical 
properties  of  the  ingots  and  the  quality 
of  their  surfaces  and  improved  their 
chemical  homogeneity;  contamination  of 
the  Ingots  by  nonconsumable-electrode 
inclusions  was  eliminated,  the  melting 
rate  rose  considerably,  and  operating 
safety  was  Improved. 

A  disadvantage  of  consumable-elec¬ 
trode  work  is  the  need  tc  use  expensive 
equipment  to  marie  these  electrodes.  A 
diagram  of  a  vacuum-arc  furnace  with 
consumable  electrode  appears  In  Fig. 

105. 

The  Electric  Arc  Burning  In  a  Vacuum 

It  has  beer,  established  by  study  of 

the  conditions  under  which  an  electric 

arc  turns  In  a  vacuum  that  it  burns 

with  even  greater  stability  at  a  re- 

-2  -1 

sidual  pressure  of  1  •  10  -1  •  10 

ram  Mg  than  in  air  or  a  neutral-gas  atmosphere,  since  the  vacuum 
promotes  formation  of  metal  vapors  and  evolution  of  gases  from 
the  molten  batn,  thus  making  the  atmosphere  electrically  conduc¬ 
tive  and  supporting  burning  of  the  arc.  It  was  possible  to  strike 
an  arc  without  difficulty  at  a  residual  pressure  of  about  5  *  10~ 
mm  Hg. 

The  principal  component  responsible  for  the  highest  vapor 
concentration  in  smelting  of  titanium  sponge  appears  to  be  the 
metallic  reducing  agent,  usually  magnesium.  The  ionization  po¬ 
tential  of  titanium  itself  is  considerably  lower  than  those  of 
other  metals  and  the  gases  present  as  impurities  in  the  titanium, 


Figure  105.  Diagram 
showing  construction 
of  vacuum-arc  fur¬ 
nace  with  consumable 
electrode.  1)  Water- 
cooled  copper  bottom; 
2)  consumable  elec¬ 
trode;  3)  water- 
cooled  crystallizer; 

4)  electrode  butt  to 
which  consumable 
electrode  ia  welded; 

5)  titanium  ingot; 

6)  electrode  holder. 
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such  as  Mg,  Mn,  Fe,  Si,  C,  Ng,  and  Og.  The  ionization  poten¬ 
tial  of  Ar,  and  especially  than  of  He,  are  several  times  that  of 
Ti.  As  a  result,  the  electric  arc  bums  less  stably  in  He  and 
Ar  than  in  a  vacuum.  In  an  atmosphere  of  these  gases ,  the  maxi¬ 
mum  arc  length  obtainable  with  a  tungsten  electrode,  a  voltage 
of  50-60  V,  and  a  current  of  2000  A  is  30-40  mmj  in  a  vacuum  under 
the  same  electrical  conditions,  arc  length  may  reach  150-300  mm 
[4].  The  possibility  of  arcing  in  a  vacuum  in  the  presence  of  ti¬ 
tanium  vapor  alone  has  been  demonstrated  experimentally  by  re¬ 
peated  remelting  of  the  same  ingot  [6]. 


Figure  106.  Shape  of 
arc  at  various  argon 
pressures,  a)  Noisy 
arc;  argon  pressure 
340  mm  Hg;  b)  quiet 
arc,  argon  pressure 
110  mm  Hg;  c)  wander¬ 
ing  cathodic  spot, 
argon  pressure  30 
mm  Hg;  d)  argon  pres¬ 
sure  4  mm  Hg;  1)  cor¬ 
ona;  2)  plasma;  3) 
droplets;  4)  fine 
plasma;  5)  broad 
cathodic  spot. 


Figure  106  [7]  shows  the  changes 
in  the  outlines  of  an  arc  between  a 
thoroughly  outgassed  titanium  consumable 
electrode  and  a  pool  of  molten  titanium 
as  the  argon  pressure  is  lowered.  The 
instability  of  the  arc  in  the  0.5-30 
mm  Hg  pressure  range  is  often  regarded 
as  a  transition  of  the  gas  discharge  in¬ 
to  another  physical  form  —  the  volume 
(glow)  discharge.  In  volume  dischar-c, 
the  cathode  is  not  softened,  and  the 
crucible  walls  are  heated  rather 
severely  and  may  burn  through.  Simul¬ 
taneously,  the  liquid-metal  pool  re¬ 
ceives  less  and  less  heat  and  solidifies. 
The  intensity  of  a  volume  discharge  de¬ 
pends  on  a  number  of  factors,  most  impor¬ 
tant  among  which  are  the  pressure  and 
composition  of  the  gaseous  phase.  For 
argon,  the  lowest  voltage  at  which  a 
volume  discharge  arises  is  25  V  at  re¬ 
sidual  pressures  in  the  range  from  0.25 
to  5  mm  Hg.  For  hydrogen,  which  ionizes 
under  a  higher  voltage,  the  relation¬ 
ship  is  different:  the  70-V  voltage 
minimum  at  which  a  volume  discharge 
appears  corresponds  to  a  pressure  of 


FTD-HC-23-352-69 


515 


abo 

tio 

sha 

dur 

cha: 

voli 

vaci 

emis 
as  t 
on  t 
air 
2500 
ber 
temp 
vacu 
mosp 
ens 
It  d 
char 
tron 
a^e 


whos 

rent 

ins 

drop 

volt 

anod 

in  t! 

temp 

tron 

etic 

tion 

pres: 

FTD-1 


s 


about  0.6  mm  Hg.  On  deviations  from  this  value  in  either  direc¬ 
tion)  the  voltage  at  which  the  volume  discharge  arises  increases 
sharply  [73.  Because  the  principal  component  of  the  gaseous  phase 
during  smelting  of  titanium  is  hydrogen,  the  danger  of  glow  dis¬ 
charge  is  reduced. 

Figure  107  shows  a  diagram  of  the 
voltage  drop  in  various  zones  of  a 
vacuum  arc  discharge  [8]. 

In  an  arc  discharge,  thermionic 
emission  occurs  on  a  small  area  known 
as  the  cathodic  spot.  The  temperature 
on  this  zone  for  an  arc  burning  in 
air  varies  over  a  broad  range  (from 
2500  to  3000° C)  and  depends  on  a  num¬ 
ber  of  factors.  The  cathodlc-spot 
temperature  of  an  arc  burning  in  a 
vacuum  is  lower  than  for  an  inert  at¬ 
mosphere,  since  the  spot  itself  broad¬ 
ens  as  the  pressure  is  lowered  and  the  current  density  through 
it  decreases.  The  extent  of  the  cathodic  region  of  the  arc  dis¬ 
charge  is  very  small  and  corresponds  approximately  to  the  elec¬ 
tron  free  path,  i.e.,  about  lO*’’  cm  at  1  atm.  However,  the  volt- 
are  irop  over  this  distance  is  15-20  V. 

The  positive  trunk  of  the  arc  is  an  electron-ion  plasma  at 
whose  center  the  temperature  reaches  5000° C  or  higher.  The  cur¬ 
rent  In  the  trunk  is  carried  for  the  most  part  by  electrons,  ow¬ 
ing  to  their  higher  mobility  as  compared  with  ions.  The  voltage 
drop  in  the  trunk  under  vacuum  conditions  is  no  more  than  a  few 
volts.  The  positive  trunk  of  an  arc  discharge  terminates  in  the 
anodic  region,  in  which  the  voltage  drop  is  even  greater  than  that 
in  the  cathodic  region.  A  spot  also  forms  on  the  anode,  and  its 
temperature  is  higher  than  that  of  the  cathodic  spot,  since  elec¬ 
trons  striking  the  surface  of  the  spot  yield  not  only  their  kin¬ 
etic  energy,  but  also  an  energy  equal  to  the  electron  work  func¬ 
tion.  Anodic-spot  temperature  deoreases  slightly  with  decreasing 
pressure:  for  an  arc  between  graphite  electrodes,  from  15200° C 


J 


[Positive  trunk 
'  of  arc 


Cathodic  Arc  Anodic 
region  length  region 

Figure  107.  Diagram 
showing  voltage  drop  in 
various  zones  of  arc 
discharge  in  vacuum  with 
graphite  electrodes. 
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at  l  atmosphere  to  3500°C  at  o.l  atmosphere. 

The  anodic  spot  occupies  a  substantially  larger  area  in  a 
vacuum  than  in  argon  at  a  pressure  of  1  atm.  This  promotes  more 

uniform  heating  of  the  liquid  metal  pool  surface  and  makes  the 
pool  deeper. 


The  residual  pressure  in  the  arc  furnace  also  influences 
melting  rate.  The  increase  in  melting  rate  during  vacuum  smelt- 
mg  is  explained  by  the  fact  that  the  gases  released  from  the 
electrode  break  up  the  surface  film  of  molten  metal  on  it  and 
help  eject  the  resulting  fine  droplets  into  the  pool.  The  fol¬ 
lowing  theoretical  smelting  efficiencies  —  ratios  of  the  actual 
electrode  smelting  rate  to  theoretical  —  have  been  found  for 
titanium:  25 %  at  an  argon  pressure  of  1  atmosphere  and  42*  in  a 
vacuum.  The  thermal  efficiency  of  the  arc  furnace  is  also  Im¬ 
proved  in  vacuum  operation  by  the  amaller  heat  losses  from  the 
furnace  working  space. 


Application  of  a  longitudinal  magnetic  field  across  an  elec¬ 
tric  furnace  congresses  the  trunk  of  the  arc  and  causes  it  to 
rotate,  owing  to  the  interaction  of  the  solenoid  electromagnetic 
field  with  the  longitudinal  field  of  the  arc.  The  pool  of  molten 
metal  alao  begins  to  rotate  simultaneously. 

The  longitudinal  magnetic  field  is  set  up  by  winding  &  sole¬ 
noid  on  the  crystallizer.  The  solenoid  is  supplied  with  direct 
current,  e.g.,  from  the  current  source  that  supplies  the  arc. 
Comparatively  little  power  is  used  to  supply  the  solenoid. 

The  arc  should  burn  inside  the  solenoid  or  slightly  below  it. 
Use  of  a  solenoid  greatly  reduces  the  danger  of  lateral  parasitic 
arcing  between  the  electrode  and  the  crystallizer  wall.  Under 
the  influence  of  the  magnetic  field,  such  arcs  are  also  set  in 
spiral  rotation,  which  stretches  them  to  the  point  at  which  they 
go  out.  Then  the  position  of  the  anodic  spot  can  be  adjusted 
within  certain  limits  by  varying  the  angle  of  inclination  of  the 
solenoid  axia  to  the  crystallizer  axis,  without  permitting  the 
arc  to  transfer  to  the  crystallizer  wall.  The  compression  of  the 
main  arc  trunk  by  the  solenoid  magnetic  field  is  also  of 
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assistance  here.  As  the  strength  of  the  field  rises,  arc  length 
can  be  increased  without  increasing  the  danger  of  lateral  arcing. 

The  angular  velocity  of  the  molten  pool  is  higher  at  its 
center  than  in  its  peripheral  regions,  and  this  helps  mix  the 
metal  and  distribute  alloying  additives  more  uniformly  in  the 
ingot. 

Solenoid  magnetic  field  strength  has  a  strong  Influence  on 
the  depth  of  the  molten  metal  pool.  At  first,  pool  depth  rises 
with  increasing  number  of  ampere-turns,  since  the  arc  trunk  and 
anodic  spot  become  narrower  in  the  magnetic  field,  heating  is 
concentrated  in  the  center  of  the  pool,  the  fraction  of  heat 
going  to  the  crystallizer  walls  is  reduced,  and  mixing  of  the 
pool  improves  heat  transfer  between  the  upper  and  lower  layers 
of  the  molten  metal.  As  the  magnetic  field  strength  increases 
above  a  certain  limit,  whose  value  depends  on  crystallizer  diam¬ 
eter,  amperage,  and  other  factors,  the  spinning  of  the  molten 
metal  pool  becomes  so  rapid  that  heat  transfer  to  the  crystalli¬ 
zer  walls  Increases  markedly,  pool  temperature  decreases,  and 
the  pool  becomes  shallower.  Accordingly,  the  ingot  surface  also 
improves  at  first,  but  then  becomes  porous  again  [93- 

Proper  molten-pool  agitation  made  it  possible  to  pour  a  75- 
kg  Ti6AlJ»V  ingot  in  which  the  discrepancies  between  aluminum 
analyses  made  at  10  points  spaced  along  the  height  of  the  ingot 
and  in  various  horizontal  cross  sections  amounted  to  0-lf,  i-e., 
were  less  than  the  limits  of  error  of  the  analysis.  The  vanadium- 
content  variations  were  even  smaller  [93- 

Rotation  of  the  molten-metal  pool  also  improves  ingot  struc¬ 
ture  by  preventing  the  formation  of  columnar  crystals.  It  has 
been  proposed  that  the  direction  c.*1  the  current  in  the  solenoid 
be  varied  to  obtain  stronger  agitation  of  the  molten  pool.  Recom¬ 
mendations  as  to  the  frequency  of  these  reversals  disagree.  One 
source  [103  indicates  ?  seconds,  while  another' Hites  3  minutes 
for  an  ingot  711  aim  in  diameter. 

Apart  from  artificially  superimposed  magnetic  fields,  the 
electric  arc  is  also  strongly  influenced  by  the  intrinsic  magnetic 


Footnote  (1)  is  on  page  559. 
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fields  of  the  current  cables,  motors,  transformers,  etc.  These 
fields,  as  well  as  heavy  iron  masses,  act  unilaterally  on  the  arc, 
deflecting  it  from  its  normal  position.  It  is  therefore  recom¬ 
mended  that  either  a  single  tilting  solenoid  or  two  solenoids  — 
a  stationary  unit  wound  on  the  crystallizer  and  a  moving  unit  — 
be  used  to  secure  more  precise  regulation  of  the  arc  [8]. 

Electrical  Conditions  of  Smelting 

The  manner  in  which  the  electrode  is  melted  and  depleted  de¬ 
pends  very  strongly  on  the  electrical  conditions  of  smelting  — 
voltage,  current  density,  and  arc  length.  Under  normal  condi¬ 
tions,  the  arc  voltage  is  about  30  V,  the  current  densicy  at  the 
electrode  at  least  10  A/cm2  (at  an  ingot  diameter  of  300-M00  mm), 
the  arc  is  20-25  mm  long,  and  the  bottom  of  the  electrode  is  flat 
with  slightly  rounded  edges.  When  the  current  density  is  inade¬ 
quate,  beads  form  at  the  edges  of  large-diameter  electrodes  as  a 
result  of  rotation  of  the  molten  liquid  layer  on  the  electrode 
and  freezing  of  the  liquid  metal  at  its  outer  margin.  When  the 
electrode's  outer  surface  is  strongly  cooled,  its  low  thermal 
conductivity  makes  the  bottom  of  the  electrode  concave.  With  in¬ 
creasing  voltage  and  arc  length,  the  end  of  the  electrode  becorr.es 
more  and  more  rounded  and  eventually  spike-shaped. 

The  drops  also  form  on  the  electrode  and  drop  off  in  differ¬ 
ent  ways  depending  on  the  electrical  conditions  of  smelting. 

Given  adequate  current  density  and  normal  arc  length,  many  fine 
droplets  form  on  the  end  of  the  electrode  and  move  across  the 
end  surface  as  they  grow,  thus  averaging  out  the  composition  of 
the  drop.  At  low  current  density,  the  droplets  grow  slowly  but 
to  large  dimensions,  closing  the  electric  circuit  themselves  when 
the  arc  is  short.  The  comparatively  cold  face  of  the  electrode  is 
then  cooled  even  more  strongly;  the  large  cold  drops  of  metal  fall 
immediately  to  the  floor  of  the  pool  and  freeze  quickly  without 
having  had  time  to  mix  with  the  molten  metal.  When  smelted  under 
such  conditions,  ingots  containing  high-melting  alloying  additives 
are  extremely  nonuniform  in  composition.  Large  cold  drops  cf 
metal  can  also  form  at  normal  current  density  if  the  arc  is  too 
short  or  too  long.  The  arc  zone  is  cooled  in  the  former  case  by 
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frequent  3hort  circuiting,  and  in  the  latter  by  formation  of  para¬ 
sitic  lateral  arcs  that  heat  the  electrode  above  the  melting  zone. 
This  lowers  the  power  of  the  main  arc,  whose  function  is  to  pro¬ 
vide  the  necessary  heating  of  the  metal  drops. 

The  basic  prerequisite  for  economical  and  stable  furnace  per¬ 
formance  is  maintenance  of  the  shortest  possible  arc.  However, 
its  length  is  limited  by  the  appearance  of  short  circuits  as  the 
drops  of  liquid  metal  drain  from  the  electrode  onto  the  ingot. 

Research  results  and  practical  data  have  shown  that  arc 
length  should  be  held  in  the  30-^0-mm  range  in  a  wide  range  of 
ingot  diameters  (50-600  mm),  and  should  not  in  any  event  exceed 
the  distance  between  the  side  of  the  electrode  and  the  crystal¬ 
lizer  wall. 

The  temp-rat ures  of  the  melting  electrode  face  and  the  pool 
surface  are  independent  of  furnace  power  in  the  pressure  range 
from  0.1-1000  mm  Hg.  A  change  in  power  is  accompanied  by  a  cor¬ 
responding  change  in  melting  rate,  which  thus  becomes  a  kind  of 
built-in  automatic  controller  of  the  furnace  processes. 

Measurement::  of  electrode  temperature  in  a  titanium-smelting 
furnace  yielded  the  following  results:  temperature  of  melting 
face  of  consumable  electrode  1775#C,  surface  temperature  of 

molten-metal  pool  1850° C  [11]. 

Electrode  melting  rate  is  directly  proportional  to  current 
[9],  But,  on  the  other  hand,  the  melting  rate  may  not  be  exces¬ 
sively  high,  since  the  bottom  of  the  consumable  electrode  and 
the  liquid  pool  must  be  outgassed  simultaneously  with  melting. 

As  for  optimum  current  density,  a  number  of  circumstances  must 
be  considered  in  specifying  it.  Prom  the  standpoint  of  economy, 
it  is  desirable  to  have  the  highest  possible  current  density  and, 
consequently,  furnace  productivity.  Moreover,  the  size  of  the 
molten-metal  drops  draining  from  the  electrode  increases  with 
electrode  current  density,  making  it  possible  to  work  with  a 
short  arc  without  shorting  across  droplets.  In  turn,  the  shorter 
arc  makes  it  possible  to  work  at  low  residual  pressures,  which 
are  desirable  from  the  standpoint  of  improving  ingot  quality. 
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Other  conditions  the  same,  a  higher  current  density  helps  improve 
furnace  productivity,  increase  pool  volume,  and  improve  ingot 
surface.  However,  as  ingot  diameter  increases,  conditions  for 
withdrawal  of  heat  from  the  crystallizer  deteriorate,  and  for 
this  reason  the  optimum  current  density,  calculated  for  the  crys¬ 
tallizer  cross  section  or,  which  is  the  same  thing,  the  ingot 
cross  section,  must  decrease  with  increasing  crystallizer  diam¬ 
eter. 
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Below  we  list  the  recommended  currents  and  current  densities 
in  arc  furnaces  for  titanium  smelting  as  functions  of  crystallizer 
diameter  [12]. 


Ingot  diam¬ 

Current,  A 

Current 

eter,  mm 

density,  A/cm‘ 

100 

2000 

25.4 

200 

4400 

14.0 

300 

6800 

9.6 

400 

9000 

7.2 

470 

12000 

7.0 

620 

20000 

5.7 

850 

24000 

4.2 

These  data  are  somewhat  lower  than  those  given  in  [1],  which 

2 

recommend  current  densities  of  at  least  10  A/cm  for  smelting  out 
ingots  300-400  mm  in  diameter,  i.e.,  currents  of  7.0-12.5  kA,  re¬ 
spectively.  It  is  noted  in  [1]  that  the  current  densities  pre¬ 
sently  in  use  still  appear  to  be  far  from  the  optimum  and,  con¬ 
sequently,  that  there  is  much  room  for  improvement  of  furnace 
productivity. 

Toward  the  end  of  the  melting  process ,  conditions  are  ad¬ 
justed  to  prevent  the  formation  of  "pipe"  in  the  ingot  and  solid¬ 
ification  of  the  metal  in  the  form  of  coarse  columnar  crystals. 

To  bring  the  pipe  out  to  the  top  of  the  ingot,  the  wattage  supply 
is  gradually  reduced  and  the  number  of  ampere-turns  on  the  sole¬ 
noid  is  increased,  or,  in  otner  words,  agitation  of  the  pool  is 
stepped  up  to  help  it  cool.  Both  procedures  result  in  a  shallower 
pool  of  molten  metal.  Toward  the  end  of  smelting,  the  pool  may 
freeze  con^letely  [9].  The  operation  of  extracting  the  pipe  takes 
a  rather  long  time,  depending  on  ingot  size;  for  example,  1.5  to 
2  hours  for  an  ingot  620  mm  in  diameter  [13 ]• 
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To  simplify  pipe  extraction,  one 
(2} 

of  the  patents'  proposes  that  the  top 
end  of  the  consumable  electrode  be  made 
(or  welded  up)  with  a  diameter  one-half 
to  one-third  that  of  the  main  body  of 
the  electrode  and  melted  at  a  current 
representing  about  15?  of  the  nominal 
process  current. 

Figure  108  shows  a  typical  heat- 
balance  diagram  for  a  vacuum  arc  fur¬ 
nace.  It  indicates  that  the  efficiency 
of  the  arc  furnace  ranges  from  30  to 
50J,  depending  on  its  power,  and  may 
reach  65-70^  in  powerful  furnaces  [11]. 


'mu*:** 


Figure  108.  Typical 
heat-balance  diagram 
for  vacuum  arc  fur- 

naoe*  ^oss-e*  radiant 
electrode  loss  heat 

fluxj  Ploss-r>  ingot 
radiant  heat  flux; 

Ploss*e^  »<*al-evapo- 

ration  losses;  Pl088.h.c 

heat  conduction  losses 
in  body  of  ingot; 

P„.„)  useful  power 
u  c 

consumed  in  melting 
electrode;  P  A.) 

useful  power  dissi¬ 
pated  In  ingot. 


The  theoretical  power  consumption  in  body  of  ingot; 
for  smelting  of  titanium  is  0.45  kW*h/kg,  Pu,e)  useful  power 
while  the  practical  figure  is  about  consumed  in  melting 

1  kW'h/kg.  Figuring  on  two  remeltings  electrode,  Pu>1.) 

and  approximately  the  same  consumption  pated^iir^ingot^881” 

for  auxiliary  requirements,  the  total 

power  consumption  would  come  to  3-4  kW*h/kg  [5*  6,  12]. 

Influence  of  Furnace  Residual  Pressure  on  Halting 

According  to  practical  data,  titanium  sponge  contains  an 
average  of  0. 3-1.0  liter  of  gases  per  kilogram.  During  melting, 
the  furnace  vacuum  drops  as  a  result  of  desorption  of^air  and 
moisture  from  the  consumable  electrode  and  evolution  of  absorbed 
hydrogen  and  other  gases.  The  release  of  adsorbed  gases,  mois¬ 
ture,  and  other  volatile  Impurities  begins  when  the  vacuum  is 
created  in  the  furnace  and  continues  until  the  temperature  has 
reached  about  400° C  [14].  At  400-500°C,  the  titanium  begins  to 
chemisorb  gases  trapped  in  its  pores,  which  undergo  practically 
no  desorption  at  the  temperatures  of  the  solid  state.  The  evolu¬ 
tion  of  water  of  crystallization  from  the  magnesium  chloride  is 
complete  at  500-590°C;  some  of  it  is  removed  by  the  pump,  and  the 
rest  reacts  with  the  titanium. 

Footnote  (2)  is  on  page  559. 
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Figure  109.  Diagram  of  proc¬ 
ess  in  which  gases  and 
vapors  are  evolved  during 
melting  of  consumable  elec¬ 
trode.  1)  Electrode  holder; 

2)  mount;  3)  evolution  of 
HgO,  02,  N2;  4)  condensate 

of  Mg  and  MgCl2;  5)  Mg,  Mn, 

Cr,  MgCl2  and  other  vapors; 

6)  condensate  of  Mg  and 
MgCl2;  7)  condensate  of  Mn 

and  Cr;  8)  evolution  of  Mg, 
MgCl2,  and  H2;  9)  MgO  and 

Mg3N2  fall  back  into  pool; 

10)  crown;  11)  Mg  and  Hg 

bubbles;  12)  pores  filled 
With  MgCl2,  MgO,  Mg3N2,  Mg, 

Mh,  Cr,  etc.;  13)  H2  dif¬ 
fusion;  14)  clearance  be¬ 
tween  ingot  and  crystallizer; 

15)  secondary  vaporization 
of  Mg,  MgCl2,  Mn,  Cr,  etc.; 

16)  removal  of  Mg,  MgClg, 

H2,  MgO,  Mg3N2. 


Vigorous  evolution  of  gases 
from  the  molten  metal  is  ob¬ 
served  during  melting  in  practice. 
Hydrogen  bubbles  also  form  in 
addition  to  the  bubbles  of  mag¬ 
nesium  vapor,  since  the  solu¬ 
bility  of  hydrogen  in  titanium 
decreases  with  rising  tempera¬ 
ture.  Gases  and  impurities  of 
other  metals  dissolved  in  the 
molten  titanium  may  diffuse  into 
the  magnesium-vapor  bubbles  that 
are  generated.  The  vapors  of 
magnesium  and  other  impurities 
with  high  vapor  pressures  create 
a  protective  atmosphere  over  the 
molten  pool  and  the  melting  part 
of  the  consumable  electrode. 

They  react  with  air,  some  amount 
of  which  invariably  get3  into 
the  furnace.  To  some  extent,  the 
oxides  and  nitrides  formed  in 
this  process  condense  in  the  cold 
zones  of  the  furnace,  and  some  of 
them  enter  the  molten  metal  pool. 

Hydrogen  comprises  about  96." 
of  the  total  amount  of  gases  libe¬ 
rated  during  melting  [3,  page 
236].  As  the  consumable  electrode 
melts,  some  of  the  hydrogen  dif¬ 
fuses  into  the  dense,  cooler  part 
of  the  ingot  and  into  the  upper 
zones  of  the  consumable  electrode. 
As  a  result,  the  top  end  of  the 


electrode  always  releases  larger  quantities  of  gas  as  it  melts. 
The  unequal  gas  contents  in  different  zones  of  the  ingot  give 
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rise  to  differences  in  the  mechanical  properties  of  the  metal  _ 

primarily  its  impact  strength  —  in  these  zones.  Vacuum  anneal¬ 
ing  of  the  ingot  improves  its  impact  strength. 

Figure  109  presents  a  diagram  of  the  processes  in  which  gases 
and  vapors  are  released  during  melting  of  a  consumable  electrode. 

Usually,  the  residual  pressure  in  the  furnace  is  measured  at 
the  rim  of  the  crystallizer.  It  has  been  established  experiment¬ 
ally  [15]  that  the  pressure  in  the  arc  zone  may  be  many  times 
that  at  the  crystallizer  rim. 

The  pressure  gradient  in  the  crystallizer  depends  basically 
cn  the  following  factors:  the  quantity  of  gases  released  in  the 
arc  zone,  the  relationship  between  the  cross  sections  of  the  crys¬ 
tallizer  and  the  electrode,  the  distance  from  the  pool  surface  to 
the  crystallizer  rim,  and  pressure  fluctuations  in  the  space  above 
the  crystallizer.  Since  these  conditions  are  different  in  each 
operating  furnace,  it  is  quite  natural  for  the  pressure  gradient 
in  the  crystallizer  to  show  appreciable  variations. 

According  to  the  calculated  data  given  in  [11],  the  pressure 
lr.  the  melting  zone  at  a  furnace  working  chamber  pressure  of  10 
urn  Hg  and  a  melting  rate  of  15  kg/min  is  40-70  pm  Hg,  without  con¬ 
sideration  of  leakage  into  the  furnace. 

Ye. I.  Morozov  and  I. A.  Prostov  [2]  studied  the  Influence  of 

residual  pressure  on  the  quality  of  titanium  and  titanium-alloy 

ingot3.  In  the  case  of  low-vacuum  melting,  the  hydrogen  content 

in  the  technical  titanium  dropped  to  0.0053*  as  against  the 

0.0078*  for  melting  in  helium  at  160  mm  Hg,  and  the  impact 

? 

strength  of  the  metal  rose  from  2  to  5  kgf-m/cm  .  The  impact 
strength  of  the  metal  rises  steadily  as  the  vacuum  is  hardened 
further;  terminal  elongation  and  necking  ratio  also  Increase, 
while  strength  decreases  slightly. 

Hardening  the  vacuum  during  nelting  of  VT3,  VT3-1,  and  VT4 
alloys  does  not  Increase  impact  strength.  Mechanical  characteris¬ 
tics  improve  substantially  only  on  the  transition  from  helium  to 
vacuum.  It  appears  that  the  alloying  metals  in  these  alloys  in¬ 
fluence  their  mechanical  properties  to  a  greater  degree  than  does 
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hydrogen. 

According  to  [16],  the  mechanical  properties  of  forgings  made 
from  titanium  ingots  melted  c-ut  in  a  high  vacuum  were  superior: 
hardness  dropped  by  9 t,  ultimate  strength  was  down  3.5J,  and  the 
necking  ratio  increased  by  4.5*. 

Experiments  conducted  by  the  U.S.  Bureau  of  Mines  Indicated 
that  a  residual  pressure  of  the  order  of  10“  4  mm  Hg  caused  no  ap¬ 
preciable  increase  in  the  vaporization  of  titanium  during  melting, 
since  the  vapor  pressure  in  the  zone  of  the  anodic  spot  and  the 
molten  pool  is  substantially  higher  than  that  in  the  Interior  of 
the  furnace. 

Specific  power  consumption  was  0.86  kW-h/kg  for  melting  under 
a  pressure  of  50-100  pm  Hg,  and  0.74-0.78  kW-hAg  at  a  pressure  of 
0.5  wm  Hg.  Thus,  despite  the  100-200-fold  pressure  decrease, 
power  consumption  was  lowered  by  only  13*  [17]. 

When  alloys  containing  components  with  comparatively  high 
vapor  pressures,  suoh  as  manganese,  chromium,  etc.,  are  smelted 
out  in  a  hard  vacuum,  they  undergo  partial  vaporization,  which 
causes  departures  from  the  desired  alloy  composition. 

High-vacuum  smelting  requires  the  use  of  powerful  vacuum 
pumps,  and  this  Increases  the  cost  of  the  '  .cuum  unit.  The  low 
furnace  residual  pressure  may  cause  more  air  to  leak  into  the 
furnace «  On  the  other  hand,  operation  of  the  furnaces  at  a  pres¬ 
sure  of  0.1-1  mm  may  produce  a  glow  discharge  that  throws  the  arc 
onto  the  crystallizer  and  bums  it  through.  For  these  reasons, 
the  optimum  furnace  pressure  during  smelting  is  put  at  10“2-10~^ 
m  Hg  [2]. 

One  of  the  conditions  that  helps  create  a  good  vacuum  in  the 
furnace  is  thorough  cleaning  of  its  Internal  surfaces  and  degasl- 
fl cation  of  the  furnace  before  smelting.  It  is  recommended  that 
degasification  be  carried  out  in  a  vacuum  while  hot  water  is  being 
run  through  the  furnace  water-cooling  syatem;  it  can  be  accele¬ 
rated  by  setting  up  a  brief  glow  discharge  in  the  furnace  £18]. 
Since  titanium  sponge  is  hygroscopic  to  a  certain  extent,  pressed 
consumable  electrodes  should  be  dried  thoroughly  at  about  150°C 
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before  installing  them  in  the  furnace. 

Smelting  of  Titanium  Alloys  and  Sodiothernic  Titanium 

The  process  of  melting  a  consumable  electrode  in  a  water- 
cooled  copper  crystallizer  is  characterized  by  comparatively 
small  dimensions  of  the  molten-metal  pool  and  the  difficulty  of 
overheating  the  pool  to  any  substantial  degree.  The  pool  could 
be  overheated  by  reducing  the  heat  losses  or  increasing  the  power 
of  the  electric  arc,  but  at  the  current  densities  normally  used, 
an  increase  in  arc  power  results  for  the  most  part  in  an  increased 
melting  rate  of  the  consumable  electrode,  with  an  insignificant 
Increase  in  the  overheat.  These  two  circumstances  complicate  the 
smelting  of  titanium-alloy  ingots  with  uniform  chemical  composi¬ 
tion. 


Titanium  is  alloyed  with  elements  that  differ  from  it  sub¬ 
stantially  in  both  directions  as  regards  melting  point  and  den¬ 


sity.  For  example,  molybdenum  has  a  malting  point  of  2620#C  and 
a  density  of  10.23  g/em3,  aluminum  660° C  and  2.7  g/cm3,  respec¬ 
tively  ,  and  tin  232° C  and  7.3  g/cm3. 


E'.rmer.ts  with  properties  similar  to  those  of  molybdenum  do 
not  have  time  to  dissolve  in  the  molten  titanium  pool  before  it 
begins  to  crystallize;  tin  cannot  be  smelted  out  of  the  consum¬ 
able  electrode  before  the  base  metal  melts.  In  sither  case,  the 
ingot  will  have  nonuniform  chemical  cosg>ositlon.  In  suiting 
titanium  alloys,  therefore,  it  is  advisable  to  alloy  the  titanium 
not  with  individual  elements  but  with  master  alloys.  It  is  sx- 
pedlent  to  melt  high-melting  alloying  elements  together  with  the 
aluminum  used  in  most  titanium  alloys,  since  this  will  help  lower 
the  melting  point  of  the  master  alloy  and  its  density,  while  low- 
melting  alloying  elements  —  aluminum  and  tin  — -  may  be  fused  with 
high-melting  elements,  with  titanium  as  the  prime  example.  Var¬ 
ious  methods  may  be  used  to  prepare  the  master  alloys:  vacuum  in¬ 
duction  furnace  melting,  melting  in  the  vacuum  arc  furnace  with 
nonconsumable  and  consumable  electrodes,  and  aluminothermics. 

Along  with  the  use  of  master  alloys  to  saslt  ingots  contain¬ 
ing  high-melting  additives,  it  is  recommended  that  the  cathodic 
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spot  be  strongly  focused  to  obtain  local  overheating  of  the  liquid 
drops  forming  on  the  face  of  the  electrode  and  to  produce  the 
deepest  possible  liquid  metal  pool.  To  do  this,  it  is  necessary 
to  melt  in  a  short  arc  of  Increased  power.  This  shortens  the 
melting  time,  and  the  specific  power  consumption  remains  about 
the  same  as  in  smelting  under  ordinary  conditions  [8,  page  236]. 

As  a  rule,  current  is  set  proportional  to  ingot  diameter  in 
smelting  titanium  alloys.  This  follows  from  the  conditions  for 
maintaining  a  constant  ratio  of  pool  depth  to  ingot  diameter.  For 
most  alloys,  I  •  KD,  where  K  *  300  A/cm,  which  results  in  approxi¬ 
mate  equality  of  the  ingot  diameter  to  the  depth  of  the  molten 
metal  pool  [193* 
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Figure  110.  Average  mass 
melting  rate  of  titanium- 
alloy  ingots  of  various 
sixes  as  a  function  of  cur¬ 
rent.  1)  Electrode  diameter 
*60  mm,  ingot  diameter  630 
mm;  2)  electrode  diameter 
280  mm.  Ingot  diameter  *56 
mm;  3)  electrode  diameter 
280  mm,  ingot  diameter  380 
n»m;  *)  electrode  diameter 
200  mm,  ingot  diameter  380 
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Figure  111.  Average  mass 
melting  rate  of  titanium- 
alloy  ingots  or  various 
sixes  as  a  function  of  arc- 
furnace  power.  1)  Electrode 
diameter  *56  mm;  ingot  diam¬ 
eter  630  mm;  2)  electrode 
diameter  280  mm,  ingot  giam- 
eter  *56  mm;  3)  electrode 
diameter  280  mm,  ingot  diam¬ 
eter  380  mm;  *)  electrode 
diameter  200  mm;  ingot  diam¬ 
eter  380  mm. 


Figure  110  shows  the  melt¬ 
ing  rates  of  alloy  Ingots  up  to  620  mm  in  diameter  as  they  depend 
on  current,  while  Fig.  Ill  shows  the  dependence  on  furnace  power 
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Cl3,  page  266].  The  alloy  melting  rates  given  in  Fig.  110  are 
approximately  half  those  given  in  [1]  for  the  melting  rates  of 
technical  titanium. 

Smelting  of  manganese-containing  Ingots  presents  certain 
difficulties,  since  manganese  is  vaporized  as  the  consumable  elec¬ 
trode  melts,  condensing  on  the  crystallizer  walls  and  concentrat¬ 
ing  in  the  outer  layers  of  the  ingot.  Manganese  vapor  promotes 
the  development  of  glow  discharges.  In  view  of  this  fact,  the 
first  remelting  of  alloys  containing  manganese  is  usually  carried 
out  in  a  vacuum,  and  the  second  under  an  argon  or  argon-helium 
pressure  of  40-200  mm  Hg  [19]. 

Large-diameter  ingots  can  be  melted  at  conparatively  low 
voltages  without  detriment  to  arc  stability.  Hiis  is  because  of 
the  smaller  voltage  drop  in  the  consumable  electrode  and  the 
smaller  linear  electrode  melting  rate  for  larger  diameters.  The 
melting  process  is  quieter,  and  it  becomes  possible  to  shorten 
the  arc  gap  and  prevent  local  short  circuits  that  result  from 
spattering.  The  yield  of  acceptable  620-mm-dlameter  Ingots  was 
about  90S,  or  5 S  higher  than  for  380-mm  ingots  [13*  page  266]. 

The  influence  of  chlorine  present  in  titanium  sponge  on  the 
course  of  the  melting  process  was  studied  in  [20].  It  was  found 
on  smelting  0T4  and  VT1-2  alloy  Ingots  containing  0.06-0.12$  Cl 
that  a  sponge  content  of  up  to  0.1-0.12$  Cl  ha3  no  effect  on 
melting  (spattering,  outgasslng,  ionization,  etc.),  crystallizer 
cleanliness,  or  melting-cycle  time. 

Chlorine  contents  ranging  from  0.06-0.08$  in  type  TOO  sponge 
and  from  0.08-0.12$  in  type  T01  sponge  had  no  influence  on  the 
mechanical  properties  of  the  ingot  or  sheet  produced  from  it. 

Certain  distinctive  effects  are  observed  when  sodlothermlc 
titanium  powder  is  melted.  The  aodlothermic  titanium  used  for 
the  test  melts  contained  30-40$  of  fractions  smaller  than  1.25  mm. 
When  this  metal  was  melted,  the  higher  contents  of  sodium  chloride, 
hydrogen,  and  absorbed  gases  as  compared  with  magneslothermlc 
sponge  caused  considerable  spattering  of  the  metal  as  a  result  of 
vigorous  evolution  of  gases.  A  result  was  lower  arc  stability 
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and  the  frequent  appearance  of  glow  discharges.  The  strong  tump¬ 
ing  and  spattering  of  the  liquid  metal  pool  and  dissociation  of 
the  sodium  chloride  coated  the  surfaces  of  the  crystallizer, 
vacuum  chamber,  and  vacuum  system  with  spatterings  of  titanium 
and  deposits  consisting  of  sodium  chloride,  titanium  dust,  and 
metallic  sodium.  The  last  two  components  are  explosively  in¬ 
flammable  when  the  furnace  is  opened  to  permit  contact  with  at¬ 
mospheric  moisture. 

Preliminary  degasification  of  briquettes  made  from  sodio- 
thermic  powder  was  detrimental  to  the  mechanical  properties  of 
the  final  ingots.  It  was  found  more  advantageous  to  prepare  the 
consumable  electrodes  by  surface-melting  the  briquettes*  without 
degassing,  in  an  arc  furnace  operating  at  reduced  power  with  a 
nonconsumable  electrode.  Remelting  of  the  resulting  ingots  pro¬ 
duced  metal  whose  mechanical  properties  satisfied  the  technical 
specifications  for  magnesiothermic  titanium  ingots  [21 ].  Ethyl 
alcohol  was  introduced  into  the  cooled  furnace  after  melting  to 
bind  the  metallic  sodium  that  had  condensed  inside  the  furnace 
into  sodium  alcoholate,  which  does  not  react  with  atmospheric 
moisture  when  the  furnace  is  opened. 

Titanium-alloy  ingots  are  usually  remelted  to  ensure  con¬ 
stancy  of  chemical  composition  and  mechanical  properties.  Fur¬ 
naces  designed  to  accomodate  both  meltings  can  be  used  for  this 
purpose.  Tie  object  of  the  first  of  the  two  meltings  is  to  re¬ 
move  the  metallic  reducing  agent,  its  chloride,  and  hydrogen,  and 
to  establish  a  more  or  less  uniform  distribution  of  the  alloying 
additives.  The  surface  quality  of  the  first  ingot  is  of  no  par¬ 
ticular  importance.  The  purpose  of  the  second  reraelting  is  to 
i&prove  the  uniformity  of  alloying-additive  distribution  and  pro¬ 
duce  a  surface  with  no  pores  or  blisters  in  order  to  minimize 
weight  losses  when  the  ingot  is  dressed;  it  sometimes  makes  it 
possible  to  dispense  with  dressing  altogether.  In  the  second 
remelting,  casting  defects  usually  form  at  the  bottom  of  the  in¬ 
got,  since  the  molten  motal  drains  onto  the  cold  floor  at  the 
beginning  of  melting.  To  eliminate  this  shortcoming  and  protect 
the  floor  from  burning  through,  a  primer  (template)  of  metal  o. 
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the  same  composition  as  the  ingot  being  smelted  is  usually  place' 
on  the  floor. 

It  is  most  important  to  determine  the  influence  of  remelting 
on  the  mechanical  properties  of  titanium.  It  has  been  established 
by  a  laboratory  of  the  US  Bureau  of  Mines  that  remelting  of  titan¬ 
ium  is  not,  per  se,  detrimental  to  the  quality  of  the  metal.  The 
same  ingot  was  remelted  thirty  times  using  the  ingot  obtained  in 
the  previous  melting  as  a  consumable  electrode  for  the  subsequent 
melting.  The  hardness  of  the  last  ingot  was  30  Brinell  units 

higher  than  that  of  the  first;  this  corresponds  to  an  increase  in 

2 

ultimate  strength  of  about  0.3  kgf/ram  per  remelting  [22].  This 
problem  was  studied  in  greater  detail  in  [8,  page  236].  Technical 
titanium  was  melted  at  a  residual  pressure  of  1  •  10  -5  *  10  3 

ran  Hg.  First,  two  Ingots  100  mm  in  diameter  and  weighing  5  kg 
each  were  smelted  from  briquettes  70  mm  in  diameter  in  a  labora¬ 
tory  furnace;  these  ingots  were  then  remelted  into  Ingots  130  mm 
in  diameter.  A  single  ingot  150  mm  in  diameter  was  produced  from 
two  of  these  Ingots  in  a  semiindustrial  furnace  and  used  in  the 
fourth  step  to  smelt  out  an  Ingot  176  an  in  diameter.  Between 
remeltlngs,  the  ingot  surfaces  were  cleaned  with  a  wire  brush  to 
remove  sublimates.  In  addition,  one  ingot  was  roughed  off  to  a 
depth  of  3  mm  after  each  remelting  to  eliminate  the  influence  of 
gases  and  moisture  on  its  properties.  Another  ingot  was  smelted 
out  with  three  intermediate  forgings  between  remeltlngs.  It  was 
found  that  the  second  and  last  remeltlngs  were  quite  detrimental 
to  the  ingot's  properties.  At  the  same  time,  the  ingot  that  had 
been  smelted  with  four  remeltlngs  and  Intermediate  roughing  off 
of  the  surface  after  each  remelting  had  practically  the  same 
properties  as  the  ingot  obtained  after  one  remelting.  The  great¬ 
est  losses  of  ductility  and  toughness  were  reported  for  the  ingot 
made  with  four  remeltlngs  and  intermediate  forging  and  roughing. 

In  this  case,  hydrogen  content  also  increased. 

These  results  imply  that  when  air  lnleakage  is  controlled, 
the  furnace  is  thoroughly  cleaned  before  melting,  and  the  ingot 
surface  is  roughed,  the  metal  is  subject  to  practically  no  con¬ 
tamination  during  remelting.  If  the  ingot  is  not  dressed  before 
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remelting,  the  moisture  introduced  by  hygroscopic  sublimate  resi¬ 
dues  on  the  surface  of  the  ingot  will  contaminate  it  with  oxygen. 
If  the  ingot  is  forged  between  remeltings,  the  gases  absorbed 
from  the  atmosphere  have  time  to  penetrate  so  deep  into  the  ingot 
that  subsequent  dressing  does  not  ensure  complete  removal  of  the 
gas-enriched  layer. 

The  results  cited  above  agree  with  practical  data  to  the  ef¬ 
fect  that  repeated  remelting  of  a  titanium  ingot  without  the  meas¬ 
ures  enumerated  above  increases  oxygen  content  by  approximately 
0.04|;  this  corresponds  to  an  ulx imate-strength  increase  of  3-5 
kgf/mm2  [13,  page  282]. 

However,  double  remelting  of  the  ingot  in  the  same  furnace 
without  lifting  the  vacuum  has  nr-.ctically  no  effect  on  its 
mechanical  properties. 

The  smslted  ingots  are  machined:  the  end  surfaces  are  trimmed 
off  and  the  sides  are  roughed.  As  a  result,  the  useful  yield 
usually  comes  to  85-90*,  reaching  95*  for  large  ingots  [13*  page 
266].  To  eliminate  the  need  for  roughing  of  the  ingots,  it  has 
been  proposed  that  they  be  surface-melted,  e.g.,  with  a  r.oncon- 
sumable  electrode. 

The  finished  ingots  must  be  quality-controlled  ultrasonic- 
ally  or  by  some  other  method  to  detect  structural  defects. 
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Preparation  of  Consumable  Electrodes 

The  following  basic  requirements  are  made  of  consumable  elec¬ 
trodes  for  smelting  of  titanium  and  titanium-based  alloys  [8,  page 
221]: 

a)  adequate  mechanical  strength,  which  eliminates  the  possi¬ 
bility  of  electrode  breakage  during  shipping  or  melting; 

b)  limited  warping,  so  that  the  clearance  between  the  side 
?f  the  electrode  and  the  crystallizer  walls  will  be  uniform; 

c)  absence  of  low-melting  or  readily  vaporized  additives  on 
the  outer  surface  of  the  electrode,  since  otherwise  these  addi¬ 
tives  micht  melt  out  of  the  electrode  or  vaporize  with  formation 
of  stray  arcs  between  the  electrode  and  the  crystallizer  wall; 
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d)  the  lowest  possible  electrical  resistance,  to  reduce  the 
influence  of  electrode  length  on  furnace  electrical  parameters; 

e)  the  highest  possible  electrode  density,  to  reduce  elec¬ 
trode  length  and,  accordingly,  furnace  height. 

There  are  several  ways  to  prepare  consumable  electrodes:  a) 
sintering  in  a  furnace  with  a  nonconsumable  electrode;  b)  sinter¬ 
ing  in  containers;  c)  block  pressing  in  a  vertical  or  horizontal 
press  form,  with  subsequent  joining  of  the  blocks  into  a  consumable 
electrode  by  welding;  d)  hydrostatic  pressing  of  blocks,  with 
subsequent  welding  of  their  components ;  e)  pressing  the  electrode 
through  an  extrusion  die. 

Arc-furnace  sintering  with  a  noncomsumable  electrode,  usually 
of  graphite,  is  used  to  make  consumable  electrodes  when  the  ap¬ 
propriate  presses  are  not  available.  The  charge  is  fed  mechani¬ 
cally  from  a  hopper  to  the  graphite  electrode.  The  sponge  is 
fed  in  rapidly  for  sintering  so  that  there  will  be  time  only  for 
sintering  or  slight  surface  melting.  Since  the  time  of  contact 
between  the  material  to  be  sintered  and  the  graphite  io  short, 
there  is  practically  no  carburization  of  the  material  [2].  Melt¬ 
ing  takes  place  at  a  voltage  of  45-50  V  and  an  arc  length  of  200- 
BOO  mm;  the  melting  rate  is  150-230  kg/h ;  specific  power  consump¬ 
tion  is  1. 1-1.6  kW-h/kg  [21]. 

This  method  is  obviously  unsuitable  for  preparation  of  elec¬ 
trodes  for  ingot  smelting. 

Container  sintering  of  consumable  e' tetrodes  eliminates  the 
need  to  use  presses;  -ne  method  is  of  a  certain  interest  in  that 
it  makes  it  possible  to  introduce  up  to  901  of  lump  scrap  into 
the  electrode.  This  method  will  be  examined  in  Chapter  21. 

Rectangular  or  cylindrical  blocks  are  produced  by  pressing 
into  cavity  dies  and  then  welded  together  to  form  an  electrode  of 
the  desired  length.  Reverse-tapered  cavity  molds  are  used  to  make 
the  blocks,  since  they  give  almost  uniform  specific  pressures  over 
the  entire  cross  section  of  the  block  and  make  it  easier  to  ex¬ 
tract.  The  lower  end  of  the  ram  usually  has  a  conical  projection, 
so  that  a  corresponding  depression  is  formed  in  the  top  of  the 
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block  to  receive  alloying  additives.  This  eliminates  the  possi¬ 
bility  of  the  additives  melting  out  when  the  electrode  is  heated 
in  the  furnace.  A  single  pressing  portion  of  sponge  may  weigh 
about  3  kg  and  the  total  weight  of  the  block  may  range  up  to  35 
kgj  the  blocks  range  to  650  mm  in  height,  and  their  densities 
vary  from  3.4  to  3.5  g/cm^.  The  specific  pressure  must  be  about 
3.5  tons/cm2  [8,  page  221].  The  blocks  or  sectors  are  welded  to¬ 
gether  with  titanium  wire  in  an  argon  atmosphere  in  a  rather  time- 
consuming  operation. 

Figure  112  [23]  shows  a  950-kg  consumable  electrode  welded 
up  from  individual  blocks. 


Graphic  Not  Reproducible 


As  a  technique  for  welding 
the  blocks  together  to  form  a 
consumable  electrode,  it  has  been 
suggested  that  they  be  placed  in 
steel  ring3,  which  would  then 
be  inserted  into  a  horizontal 
realed  argon- filled  pipe.  The 
rings  would  then  be  rotated  ar.i 
traversed  for  positioning  under 
a  consumable  or  nonconsumable 
welding  electrode.  The  maximum 
dimensions  of  the  electrodes  pro¬ 
duced  by  welding  the  blocks  in 
the  tube:  length  up  to  3  m,  diam¬ 
eter  up  to  250  mm,  or  diagonal  up 


Figure  112.  Consumable  elec¬ 
trode  welded  up  from  indi¬ 
vidual  blocks. 


to  280  mm. 

A  method  of  contact  block 
sintering  based  on  the  rather 


high  electrical  resistance  at  the  points  of  contact  between  blocks 
has  been  tested.  When  current  flows,  these  points  heat  up  rapidly 


to  800-900° C,  which  is  enough  to  sinter  the  blocks  together  se¬ 
curely.  An  advantage  of  this  method  is  the  fact  that  the  blocks 
are  heated  gradually,  with  elimination  of  gases  and  water  vapor 
at  300-400°C.  However,  the  same  gases  are  absorbed  in  substan¬ 
tial  amounts  by  the  molten  titanium  pool  when  the  electrode  is 
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degasified  in  tne  furnace.  The  current  needed  to  si 
trode  from  blocks  80-100  mm  in  diameter  must  be  about 
at  least  6000  A  for  a  150-mm  diameter  [8,  page  221]. 
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In  the  industry,  blocks  are  pressed 
hydrostatically.  After  preparation  for 
pressing,  the  charge  is  poured  into  a 
waterproof  elastic  bag,  which  is  placed 
in  the  press  container;  the  container  is 
fitted  with  a  quick-seal  cover  and  filled 
with  water  or  some  other  liquid  to  de¬ 
velop  the  required  pressure.  The  ad¬ 
vantages  of  hydrostatic  over  ordinary 
pressing  are  less  stringent  requirements 
as  to  the  shape  of  the  pieces  of  mate¬ 
rial  pressed  by  this  method  and  the  pos¬ 
sibility  of  obtaining  stronger  and 
denser  compacts  in  rather  large  sizes. 

For  example,  compacts  up  to  330  mm  in 
diameter  and  1000  mm  high  are  made  by 
this  method  [23]. 

The  most  productive  method  of  pre¬ 
paring  consumable  electrodes  is  that  of 
extrusion  through  a  tapered  pressform 
(Fig.  113)  [12;  S,  page  221].  Before  pressing  is  started,  the 
tapered  die  is  fitted  with  a  bottom  plate.  When  the  initial 
briquette  has  been  formed,  the  plate  is  removed  from  the  die. 
Subsequent  compacting  takes  place  as  a  result  of  the  electrode's 
resistance  to  upsetting  as  it  is  extruded  down  through  the  die. 

A  disadvantage  of  this  pressing  method  consists  in  the  fact  that 
specific  pressure  at  the  walls  of  the  pressform  is  several  times 
that  at  the  center  of  the  electrode.  As  a  result,  the  sponge  in 
the  central  core  of  the  electrode  moves  ahead  of  the  sponge  in  the 
outer  layers,  so  that  the  outer  layers  come  under  tensile  stresses 
and  tend  to  crack;  the  strength  of  the  electrode  is  lowered,'  and 
this  may  cause  it  to  break  in  the  furnace.  To  eliminate  this  ef¬ 
fect,  the  electrodes  are  strength-tested  before  insertion  in  the 


Graphic  Jiot  Reproducible 


Figure  113.  Diagram 
showing  principle  of 
tapered  pressform 
for  extrusion  of  con¬ 
sumable  electrodes. 

1)  Tapered  die;  2) 
bearing  ringj  3)  ram; 
4.)  press  crossbar. 
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furnace.  If  necessary,  the  specific  extrusion  pressure  is  raised. 
It  is  usually  about  3-4  tons/cm2,  and  the  final  electrode  has  a 
density  of  about  J.5  g/cm3  and  a  tensile  strength  of  12-15  kgf/cm2. 
Specific  extrusion  pressure  is  lowered  as  the  diameter  of  the  con¬ 
sumable,  electrode  increases.  For  example,  electrodes  450  mm  in 
diameter  can  be  extruded  under  a  specific  pressure  of  about  2 

p 

tons/cm  .  The  possibility  of  lowering  the  specific  pressure  re¬ 
sults  from  the  smaller  circumference-to-area  ratio  of  the  elec¬ 
trode  and,  consequently,  the  lower  friction  of  the  electrode 
against  the  wall  of  the  pressform  as  it  is  extruded.  This  extru¬ 
sion  method  has  certain  disadvantages.  Horizontal  presses  are 
normally  used  for  it,  and  this  makes  it  difficult  to  introduce 
alloying  additives  into  the  core  of  the  electrode.  Long  (3-5- 
meter)  electrodes  are  noticeably  warped.  Since  much  of  the  ex¬ 
trusion  effort  is  expended  in  overcoming  friction,  high-power 
presses  are  required. 

However,  these  disadvantages  of  tapered-form  extrusion  are 
offset  by  a  substantial  advantage:  direct  formation  of  final  con¬ 
sumable  electrodes  of  the  desired  length;  this  factor  is  respon¬ 
sible  for  the  extensive  industrial  use  of  this  method. 

To  permit  use  of  presses  with  smaller  capacities  for  prepara¬ 
tion  of  consumable  electrodes,  it  has  been  proposed  that  the  mate¬ 
rial  be  pressed  through  a  tapered  die  with  subsequent  sintering. 

In  this  method,  the  electrodes  are  pressed  at  specific  pressures 
of  0.7-1. 4  tons/cm2,  after  which  they  are  sintered  in  a  vacuum 
for  12  hours  at  950°C.  The  hydrogen  content  in  the  electrode  is 
reduced  simultaneously,  e.g.,  from  0.020  to  0.006)(/3^ 

Magnesiothermic  titanium  sponge  cons-sts  of  comparatively 
large  pieces;  for  this  reason,  certain  difficulties  are  encount¬ 
ered  in  obtaining  uniform  distribution  of  the  alloying  additives 
in  the  consumable  electrodes.  These  difficulties  are  further 
aggravated  by  the  comparatively  small  size  of  the  molten  metal 
pool  in  the  water-cooled  crystallizer  of  the  arc  furnace.  It  has 
been  established  that  even  low-melting  alloying  additives  (such 
as  aluminum)  do  not  have  time  to  coalesce  with  the  titanium  dur¬ 
ing  heating  of  the  consumable  electrode  above  the  melting  zone. 
Footnote  (3)  1»  on  page  559- 
FTD-HC-23- 352-69 
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Obviously,  the  uniformity  of  alloying- 
additive  distribution  in  the  consumable 
electrode  and,  consequently,  in  the  final 
ingot  as  well,  must  stand  in  a  certain  re¬ 
lationship  with  the  volume  of  the  molten 
pool  in  the  arc  furnace.  The  volume  varia¬ 
tion  of  the  titanium  pool  during  the 
course  of  melting  was  determined  in  th* 
following  way:  holes  were  drilled  at  var¬ 
ious  heights  on  the  consumable  electrode 
and  pieces  of  a  foreign  metal  were  in¬ 
serted  into  them;  these  pieces  did  not 
have  time  to  melt,  and  sank  to  the  floor 
of  the  pool.  Then  a  maerotemplate  was 
cut  out  cf  the  ingot  and  not  only  the 
depth  of  the  pool,  but  also  its  shape  were 
determined  from  the  positions  of  the  for¬ 
eign-metal  fragments  ir.  it.  Manganese  was  U3ed  as  the  control 
metal  in  one  of  the  studies  [24],  and  tungsten  in  another  [8, 
page  221].  Figure  114  [8,  page  221]  shows  the  mass  change  of  the 
ru, ' ten-metal  pool  as  an  ingot  formed  in  a  crystallizer  250  mm  in 
diameter.  At  the  beginning  of  melting,  owing  to  the  strong  cool¬ 
ing  of  the  floor  plate,  the  bath  was  shallow  and  flat.  As  the 
ingot  grew,  the  bath  became  deeper  and  its  vertical  section  came 
to  resemble  a  parabola. 


Mass  of  molten 
pool,  kg 

Figure  114.  Varia¬ 
tion  of  mass  of 
molten-metal  pool 
with  ingot  height 
during  melting  in 
a  crystallizer  250 
mm  in  diameter  at 
an  arc  voltage  of 
29  V  and  a  current 
of  3100  A. 


The  corresponding  calculations,  which  were  confirmed  in  prac¬ 
tice,  led  to  the  conclusion  that  it  is  unnecessary  to  mix  the  al¬ 
loying  additives  intimately  with  the  portion  of  sponge  placed  in 
the  container  to  press  a  consumable  electrode,  provided  that  the 
sponge  loaded  in  a  single  dose  stands  in  a  certain  ratio  with  the 
ma33  of  the  molten  pool  in  the  furnace.  It  was  assumed  at  first 
that  the  portion  of  charge  might  range  up  to  0.5-0. 8  of  the 
molten-pool  weight.  Mathematical  elaboration  and  an  experimental 
test  showed  that  satisfactory  ingot  homogeneity  is  obtained  after 
the  second  remelting  when  the  molten-pool  volume  Is  three  or  more 
times  the  volume  of  the  portion  of  charge  being  pressed  at  one 
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tine  [8,  page  221].  'To  eliminate  composition  nonuniformity  at 
the  bottom  of  the  firat-ren^lf-ing  ingot,  it  is  recommended  that 
it  be  turned  over  before  the  second  remelting.  Since  this  is 
impossible  in  present-day  furnaces  designed  for  double  remelting 
without  opening,  the  portion  of  charge  should  amount  to  about 
0 .2-0 .JJ  of  the  molten-pool  mass. 


Design  of  the  Vacuum  Arc  Furnace 


Hie  basic  elements  of  the  arc  furnace  (see  Pig.  10?)  are  the 
shell,  the  crystallizer  that  lines  it,  the  electrode-transport 
mechanism,  the  vacuum  system,  and  the  electric  power  source.  The 
type  of  furnace  is  usually  indicated  by  the  type  of  electrode 
used  —  consumable  or  nonconsumable  —  and  by  the  type  of  crystal¬ 
lizer:  with  elevator  or  fixed  bottom.  When  an  elevator— bottom 
crystallizer  is  used,  the  ingot  is  lowered  with  the  floor  of  the 

crystallizer  as  it  builds  up,  with  the  molten-pool  level  in  the 

crystallizer  remaining  constant.  Constant  level  offers  a  certain 
convenience  —  the  condensate,  which  consists  basically  of  mag¬ 
nesium  and  magnesium  chloride,  settles  above  the  level  of  the 
molten  pool  and  thus  does  not  interact  with  the  molten  metal. 
However,  the  crown  of  the  ingot  is  often  extracted  together  with 

the  ingot.  If,  on  the  other  hand,  the  crown  is  broken  off,  the 

resulting  space  fills  with  molten  metal  and  a  floatbead  ferns. 

During  melting  in  a  fixed-floor  crystallizer,  the  pool  ievel 
rises  steadily,  reaching  the  layer  of  condensate,  some  of  which 
evaporates  and  is  redeposited  at  a  higher  level,  while  some  of 
it  is  cast  into  the  molten  metal,  spoiling  the  surface  of  the  in¬ 
got.  Condensate  usually  forms  in  appreciable  quantities  during 
the  primary  melting;  in  the  second  remelting,  therefore,  it  does 
not  affect  the  ingot  surface. 


Thus,  the  advantage  of  crystallizer  smelting  with  extraction 
is  a  minor  one.  At  the  same  time,  this  melting  technique  compli¬ 


cates  arc-furnace  design  and  makes  it  difficult  to  control  smelt¬ 
ing.  Quite  frequently,  the  ingot  Jams  in  the  crystallizer,  mak¬ 
ing  it  necessary  to  shut  down  the  furnace. 
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As  we  noted  above,  titanium-alloy  ingots  are  usually  melted 
twice.  To  reduce  furnace  height,  the  first-remelting  ~ngotc  are 
made  with  one-half  or  one-third  the  weight  of  the  final  ingot, 
and  then  these  intermediate  ingots  are  welded  under  argon  outside 
the  furnace  or  in  the  furnace  itself  into  a  single  consumable 
electrode,  which  is  remelted.  Usually  the  stand  with  the  crys¬ 
tallizer  is  placed  on  a  trolley,  which  is  rolled  out  from  under 
the  furnace  when  the  first  remelting  has  been  completed  and  the 
ingot  has  chilled;  the  second-remelt  crystallizer  is  then  placed 
on  the  trolley,  the  first-remelt  ingot  is  inserted  into  it,  the 
trolley  is  rolled  into  position  under  the  furnace,  the  crystal¬ 
lizer  is  installed,  the  furnace  sealed,  the  first-remeifc  ingot 
welded  to  the  electrode  holder,  and  the  second  remelting  begun. 

The  second-remelt  crystallizer  is  usually  somewhat  larger  in  diam¬ 
eter  than  the  first-rcme.lt  ir.got  'the  clearance  between  the  elec-^ 
trode  and  the  crystallizer  wall  should  be  about  50  mm  on  a  side). 

In  the  furnaces  that  were  used  until  quite  recently  to  smelt 
titanium  and  titanium  alloys,  no  more  than  *t0$  of  the  operating 
time  was  actually  spent  in  the  melting  phase.  The  rest  of  the 
* i a»s  taken  up  fcy  loading  and  unloading  the  furnace,  pumping 
it  out,  cooling  the  ingot,  and  oth*jr  auxiliary  operations.  Re¬ 
cent  furnace-design  improvements  have  substantially  increased  the 
utilization  factor.  7:.ir-  has  been  done  by  combining  the  two  re- 
meltings  in  a  single  furnace  without  breaking  vacuum.  The  two 
rcmeltings  take  place  successively  with  only  a  short  pause  between 
them.  The  ingot  smelted  out  in  the  first  remelting  is  not  removed 
from  the  furnace.  The  electrode  butt  left  after  melting  is 
dropped  into  liie  molten  pool  and  the  first-remelt  ingot  is  welded 
to  it.  Then  the  Ingot  is  raised  into  the  furnace  chamber,  the 
chamber  is  separated  from  the  crystallizer  by  a  vacuum  slide,  the 
larger-diameter  crystallizer  is  brought  into  position  and  evacu¬ 
ated,  and  then  the  vacuum  lock  is  opened  for  the  second  remelting. 
The  second-remelt  crystallizers  are  also  fitted  with  vacuum  slides 
that  make  it  possible  to  disconnect  the  crystallizer  from  the  fur¬ 
nace  with  the  hot  ingot  inside  it  and  resume  melting  without  wait¬ 
ing  for  the  ingot  to  cool.  A  diagram  showing  the  construction  and 
Footnote  {*))  is  on  page  559. 
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construction  and  oDera- 
rurnace-  a)  Consumable  elec- 

?>  ?»"- 

?,.”*?  furnace;  e)  furnace  closed  at  bottom  with 
oxxuc;  O  second- remelt  crystallizer  in-faii^. 

SystIllizermwi?hi?e0ttS?el^d  °Ut;  h)  seeond-remelt  * 
crystallizer  with  ingot  in  it  sealed  with  vacuur  slide 

and  disconnected  from  furnace  to  make  re—  fa- 

lation  of  first-remelt  crystallizer  for  next  Sit 

operation  of  such  a  furnace  aooears  ip  nc  t_  -u,  .  . 

. °  A<»  HIX&  C’iJjtf, 

about  SOX  of  furnace  time  is  utilized. 

The  two  remeltines  mav  al<»n  ho  „...-  ....... 

_  __  -  *  - -  -- — —  "inwug  changing 

Lhe  crystallizer.  In  this  case.  th*»  —v^al1 . .... 

*  v.._  are  arranged 

one  above  the  other.  The  fi^sfc  r-on-oin„..  . . 

- - wx^x„6  waives  piace  in  the  upper 

crystallizer,  which  has  an  elevator  kn,-tn-  -c- 

1  iao  au  cicvator  wO. o On. .  «fi,ei-  tne  resulting 

incot  has  boon  uaihah  t-n  _ . _ _  .... 

. . —  —  «icuoi-oue  lioioer,  tne  bottom  is 

lowered  to  the  both.  OtP  nf  the  1  nuc  n  s.  wi. ..  toiii  ...  >  -  - 

--  - - -  vi^ouamacr,  in  WHICH  tne 

second-re melt  ingot  is  smelted  [26-28].  The  more  complicated 
furnace  design  required  to  accomodate  two  crystallizers  has  ap- 

oarentlv  boon  t-hn 

-  *"'■  *  -  —  w.a  ....j  1  ui'iietces  nave  not  come  into 

extensive  use  [11]. 
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_In  large  furnac<?s>  the  crystallizer  diameters  range  up  to 

c500-*97^  WJH »  and  th£  Introtn  rsr*nriti.-sdiM  uj  <u  <  ~u ~  . 

w  -  - * — -  *»^«*>©**  oo  mucn  tis  xu  tons. 

Such  furnaces  operate  at  currents  up  to  36  thousand  amperes  [Itii], 
There  is  a  trend  toward  even  larger-  ingot  masses.  For  example, 
it  has  been  reported  that  technical  data  are  available  for  the 
design  of  furnaces  capable  of  making  titanium  ingots  up  to  1270 
mm  in  diameter  and  weighing  up  to  18  tons  [ 2 ij 0 3 . 

As  the  ingots  become  larger,  certain  difficulties  arise  in 
clamping  them  before  rolling,  it  would  therefore  be  expedient 
to  produce  large  ingots  of  rectangular  or  even  oval  cross  sec¬ 
tion.  It  would  be  practically  impossible  to  form  rectangular  in¬ 
gots  in  arc  furnaces;  oval  ingots  could  be  smelted  out  after  dif¬ 
ficulties  associated  with  properties  of  the  melt  and  making  the 
required  crystallizers  have  been  overcome.  Rectangular  titanium 
and  titanium-alloy  ingots  could  be  smelted  out  in  the  electric 
slag  furnaces  that  will  be  described  below. 

The  furnace  crystallizer  is  usually  made  of  copper  because 

. . . . . euiiducsivxrics.  Keeomnjenu&- 

tions  as  to  the  wall-thickness  ratio  of  the  crystallizer  vary: 

~~7  1ST  [51,  0_I3  m  [29],  and,  recently,  iJ0-50  mm  [50]. 

Conflicting  trends  must  be  taken  into  account  in  determining 
the  ratio  between  the  cross  sections  of  the  consumable  electrode 
and  the  crystallizer.  To  shorten  the  electrode  and,  consequently, 
reduce  furnace  height,  and  to  lower  thermal  emission  from  the 
molten  pool,  the  electrode  cross  section  should  be  as  close  as 
possible  to  that  of  the  crystallizer.  On  the  other  hand,  in  order 
to  reduce  tne  danger  of  parasitic  lateral  arcing,  facilitate  cen¬ 
ts.  «ng  '--f  i/he  consumable  electrode,  and  accelerate  evacuation  of 
gases  from  the  crystallizer,  this  clearance  should  be  a3  large  as 
possible.  Ii  has  been  established  in  practice  that  the  clearance 
between  the  electrode  and  the  crystallizer  should  be  no  less  than 
the  length  of  the  arc,  i.e.,  eu-50  mm  on  a  side  for  an  arc  IO-Ijo 
mm  long. 

The  design  of  the  crystallizer's  water-cooling  jacket  must 
ensure  the  absence  of  vapor  films  at  the  interface  between  the 
water  and  the  cooled  surface,  since  the  low  thermal  conductivity 
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of  such  films  may  cause  the  crystallizer  walls  to  overheat  and 

T—r,  1  X-  i,U  w  ,,  «  rjVv., 

....  ^a,, .  xl,e  ijLowrace  or  the  water  used  to  cool  the  crystal- 
lizer  usually  runs  into  the  hundreds  of  liter?  per  minute  and  is 
adjusted  so  that  the  exit  water  temperature  is  10-20°  higher  than 
that  at  the  entrance.  The  final  temperature  of  the  water  should 
no**  exceed  40-45° C,  since  salts  begin  to  deposit  on  the  crystal- 
11-v.r  walls  at  45°C  and  sharply  reduce  their  thermal  conductivity. 
For  the  case  of  a  closed  system  with  softened  water,  the  initial 
temperature  i3  usually  15-20°C,  but  the  final  temperature  may  be 
raised  to  50-60°C  and  higher- 

A  considerable  amount  of  the  power  supplied  to  the  furnace 
is  expended  in  heating  the  furnace  cooling  water.  The  crystal¬ 
lizer  —  especially  where  its  wall  contacts  the  ingot  —  is  the 
part  of  the  furnace  that  is  most  heavily  heat-stressed.  Here  the 
maximum  heat  flux  (on  the  inner  wall)  may  reach  3  •  10° 
kcal/(m2*h),  averaging  (0.3-0. 8)  •  106  kcal/(m2*h) ;  above  the  metal 
level,  i.e.,  in  the  zone  of  the  arc,  the  heat  load  is  much  smaller 
[(0. 4*0.6)  x  10”  keal/(m  *h) 3 •  When  the  water  move-  at  speeds 
greater  than  1  m/s  in  the  crystallizer,  removal  of  heat  from  it? 
walls  can  be  provided  for  with  an  ordinary  free-flow  cooling 
system.  At  lower  speeds,  heat  transfer  will  be  effected  by  ebul¬ 
lition  [30].  Heat  representing  approximately  80JS  of  the  furnace 
power  may  be  taken  off  through  the  crystallizer.  To  increase  the 
coefficient  of  heat  transfer  from  the  crystallizer  walls  to  tne 
water,  the  latter  must  flow  through  at  several  meters  per  second 
roi 

j  * 

Use  of  a  pressurized  water  jacket  to  cool  the  crystallizer 
presents  a  certain  hazard,  3lnce  a  large  amount  of  water  might 
enter  the  furnace  in  the  event  of  burning  through  of  the  crystal¬ 
lizer  walls. 

With  the  object  of  improving  operating  safety  with  water- 
cooled  crystallizers,  a  published  proposal  has  called  for  aban¬ 
donment  of  the  internal-water-jacket  principle  and  use  of  an  ex- 

(5) 

ternal  water  spray  for  evaporation  cooling  of  the  crystallizer. 

For  sprinkler  cooling,  the  crystallizer  is  wrapped  with  a  fine 
wire  screen,  which  ensures  uniform  distribucion  of  the  water  over 
Footnote  ( 5 )  is  on  page  559 . 
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the  crystallizer  surface  to  be  cooled.  Experiments  in  which  a 
crystallizer  of  this  design  was  tested  save  encouraging  results 
[11].  When  the  crystallizer  wall  was  intentionally  burned  through, 
with  temperatures  reaching  oG0-900~C  at  the  point  of  the  perfora¬ 
tion,  the  water  begins  to  flow  around  this  point  and  only  air,  and 
no  water,  enters  the  crystallizer.  The  pressure  rise  in  the  fur¬ 
nace  that  results  from  this  kills  the  arc  and  thus  reduces  the 
possibility  of  explosion. 

An  Na-K  alloy  that  is  liquid  at  room  temperature  was  tested 
as  a  crystallizer  coolant  with  a  view  to  improving  the  exploslon- 
proofness  of  the  furnace. 

The  Na-K  alloy  is  ar.  extremely  active  substance,  and,  al¬ 
though  the  hazards  associated  with  it  may  be  eliminated,  its  use 
as  a  coolant  complicates  the  equipment  and  make:;  it  more  expen¬ 
sive.  However,  practical  use  of  this  cooling  system  /O,  ^itan^um 
smelting  has  been  reported 

Several  hundred  ingots  ranging  in  diameter  from  125  to  460  mm 
were  smelted  out  in  an  arc  furnace  equipped  with  a  cooling  system 
of  tnis  tyoe.  The  crystallizer  burned  through  during  one  of  tne 
smeltings,  but  no  explosion  followed.  The  resulting  ingot  was 
checked  for  sodium  and  potassium  contents  in  its  surface  layers. 

It  .-.•as  found  that  the  color  of  the  metal  differed  to  a  depth  of 
1.3  mm  from  that  of  the  ingot's  core,  but  sodium  and  potassium 
could  not  be  detected  in  this  surface  layer.  The  ingot  was 
spoiled  —  not  to  mention  damage  to  the  furnace  —  when  a  similar 
toreAKuow!!  occurred  in  a  water-cooled  system  t31j* 

The  rod  to  which  the  consumable  electrode  is  secured  con¬ 
sists  of  two  concentric  pipes.  Cooling  water  is  supplied  through 
the  inner  steel  pipe,  and  electric  current  .iuuu^u  wuv,*, 
whicn  is  made  of  copper  for  small  furnaces  or  steel  in  large  ones. 
The  rod  enters  the  furnace  through  a  sliding  vacuum  seal.  A  con¬ 
sumable-electrode  butt  200-300  mm  long  is  screwed  onto  the  lower 
end  of  the  rod.  The  butt  and  the  consumable  electrode  are  welded 
together  by  striking  an  arc  between  them.  The  rod  is  raised  and 
lowered  with  the  aid  of  a  screw  or  hydraulic  drive. 
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In  the  normal  course  of  smelting,  the  rate  of  consumable- 
electrode  feed  is  In  the  tens  of  millimeters  per  minute.  To 
eliminate  short-circuiting  and  quench  lateral  arcs,  the  electrode 
must  be  able  to  move  two  or  three  times  as  fast;  in  addition,  the 
transport  mechanism  must  have  the  shortest  possible  response  lag 
and  no  backlash.  These  conditions  are  met  by  a  two-speed  reduc¬ 
tion  gear  with  electromagnetic  clutches  that  has  been  developed 
in  the  USSR  and  by  two-speed  hydraulic  or  hydraulic-electronic 
systems  [?]. 

Because  of  the  need  to  introduce  substantial  amounts  of 
scrap  into  the  ingots,  first-remelt  furnaces  are  sometimes  fitted 
with  hoppers  and  batching  devices.  One  of  the  batching  mechanisms 
that  has  been  developed  takes  the  form  of  a  drum  with  sixteen  sec¬ 
tions,  which  are  filled  with  lump  scrap.  The  sections  are  un¬ 
loaded  by  turns  through  a  hole  in  the  bottom  disk  of  the  drum 
into  a  chute,  through  which  the  contents  of  each  section  slide 
into  the  crystallizer  [2]. 

Furnaces  of  similar  design  can  also  be  used  to  prepare  (sin¬ 
ter)  consumable  electrodes  from  titanium  sponge. 

The  selection  of  the  types  and  deliveries  of  vacuum  pumps 
used  to  service  arc  furnaces  is  determined  by:  a)  the  quantity 
of  gases  present  in  the  material  to  be  remelted;  o)  the  optimum 
residual  pressure  in  the  furnace  from  the  standpoint  of  support¬ 
ing  a  stable  arc;  c )  the  maximum  permissible  residual  pressure 
needed  to  prevent  heavy  absorption  of  gases  by  the  consumable 
electrode  and  the  liquid-metal  pool. 

As  we  noted  previously,  it  is  assumed  as  a  guideline  that 

1  kg  of  titanium  sponge  contains  0. 3-1*0  liter  of  gases.  To  meet 

the  other  two  conditions,  the  residual  furnace  pressure  should  be 

-2  -  3  „ 

held  in  the  range  from  10  to  10  mm  ng. 


In  calculating  vacuum-pump  capacity,  it  is  also  necessary 
to  take  account  of  leakage  of  outside  air  into  the  furnace  and 
the  liberation  of  gases  from  the  deposits  on  the  irner  surface  of 
the  furnace  (the  computed  vacuum-system  capacity  is  usually  in¬ 
creased  by  **0-50)0. 
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The  permissible  leakage  is  determined  as  a  function  of  fur¬ 
nace  dimensions:  for  l  Hr*? a  fjmrtflrtio  ui  *.u  _ _ _ 

- - - ~  vi  jro bttinzer  diameters 

of  500-800  mm,  no  more  than  10  liters-pm/s  of  leakage  can  be  per- 

ml  t*t* f  0 1 
■ - - 

Since  large  amounts  of  grses  may  be  liberated  early  in  the 
melting  process,  vacuum-pump  delivery  must  be  increased  as  the 
residual  pressure  in  the  system  rises.  Two  types  of  booster 
pumps  -  oil-vapor  and  mechanical  -  meet  this  requirement.  011- 
vapor  booster  pumps  perform  successfully  in  the  0.01-0.1-mm  Hg 
pressure  range,  and  their  characteristics  do  not  depend  on  de¬ 
livery  pressure  (up  to  i-2  ram  Hg).  They  are  simple  in  design  and 
have  no  moving  parts.  An  important  advantage  of  these  pumps  is 
the  delivery  increase  that  occurs  when  hydrogen  is  being  pumped 
instead  of  air.  The  disadvantages  of  oil-vapor  pumps  include 
constant  delivery  at  pressures  above  0-01-0.1  mm  Hg  and  their 
higher  electric-power  requirements.  The  Soviet  industry  has  de¬ 
veloped  booster-pump  designs  delivering  up  to  15,000  liters/s  [2 
32,  33]. 

In  processes  in  which  large  amounts  of  gas  are  liberated  at 
pressure  of  1.0-lG"2  mm  Hg,  it  is  most  advantageous  to  use  type 
DVN  twin- rotor  mechanical  pumps.  The  rotors  of  such  pump3  re¬ 
volve  in  the  pump  chamber  without  contacting  one  another  or  the 
casing  wal-s.  This  makes  it  possible  to  drive  them  at  high  speeds 
(1-3  thousand  rev/min),  thus  obtaining  high  delivery  in  a  small- 
sized  pump.  Twin-rotor  pumps  also  have  other  advantages  —  high 
efficiency,  oil-free  operation,  a  sealed  casing  that  is  shared 
with  the  motor,  low  3ensitivitv  to  dust  and  wnf  ftr»  iFOiae>v»  VV,  ni. 

»  -■*  -•••  *  hmvwa  i  uyv*  v  uUU 

enters  the  pump,  and  the  ability  to  evacuate  not  only  air,  but 
also  hydrogen.  As  compared  with  vapor-jet  booster  pumps,  twin- 
rotor  pumps  perform  in  a  higher  pressure  range,  tolerate  over¬ 
loading,  and  thus  deliver  at  higher  rates.  These  pumps  are  used 
in  seouenoe  with  forsvactmm  mi»s.  _ _ -j _ _ 

- .  *  -  f  -  ■  jc\a  g,aoco  in  ay 

contain  substantial  amounts  of  moisture,  type  VNG  gas-ballast 
pumps  should  be  used  as  forevacuum  pumps.  A  separate  gas-ballast 
pump  is  installed  for  preliminary  evacuation  of  the  furnace  in 
some  cases.  Filters  are  inserted  in  the  pipeline  to  the  punp  to 
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protect  it  from  dust  that  may  be  carried  along  by  the  air  stream 
at  the  beginning  of  evacuation  [2,  3ii], 

The  design  of  the  filter  should  provide  for  replacement  nr 
switching  of  filtering  elements  under  vacuum  during  operation  of 
the  furnace  installation  [35]. 

Steam-ejector  pumps,  which  have  a  number  of  advantages  over 
those  hitherto  used,  have  recently  come  into  use  for  evacuation 
of  metallurgical  vacuum  furnaces.  For  example,  these  pumps  de¬ 
liver  at  substantially  higher  rates  than  other  pump  types,  have 
no  moving  parts,  can  transport  dusty  and  corrosive  gases,  and 
deliver  at  higher  rates  as  the  entrance  pressures  rise.  A  six- 
stage  pump  can  lower  the  residual  pressure  to  10~2-10~^  mm  Hg. 

A  deficiency  of  the  steam-ejector  pump  is  the  need  for  a  steam 
source.  Steam  is  used  at  a  rate  of  TOO  kg/h  and  condenser  water 
at  **5  nr/h  to  pump  at  a  rate  of  10,000  llters/s;  at  20,000 
liters/s,  the  corresponding  figures  are  1000  kg/h  and  70  m^/h 
[33,  36]. 

Dynamoelectric  converters,  such  as  the  85V,  6500A  type 
GPN550-750  and  the  ho  V,  It, 000  A  type  GPN'560-375,  are  currently 
the  preferred  direct-current  power  sources  for  arc  furnaces. 
These  generators  have  efficiencies  of  about  85* * 


Modern  furnace  installations  are  fitted  with  semi  conductor 
rectifiers.  Silicon  rectifiers  are  preferred,  since  they  sur¬ 
vive  heating  better  than  germanium  rectifiers,  and  this  makes  it 
possible  to  increase  the  specific  current  load  carried  by  the 
rectifier.  An  investigation  of  a  5000-ampere  silicon-diode 
rectifier  showed  that  the  arc  burns  Quite  stably  despite  the 
pulsating  voltage  supply  that  is  characteristic  for  semiconductor 
rectifiers.  The  arc  current  and  voltage  follow  the  pulsations 
of  the  rectified  voltage. 


Modern  arc  furnaces  are  provided  with  devices  for  automatic 
control  of  melting.  The  unit  used  must  support  performance  of 
a  large  number  of  operations,  including:  1)  striking  the  arc  with¬ 
out  short  circuiting;  2)  establishment  of  the  desired  arc  length 
after  the  arc  has  been  struck;  5)  feeding  the  consumable  electrode 
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at  the  desired  rate;  M  stabilization  of  the  power  dissipated  in 
the  discharge  gap  throughout  the  entire  melting  period;  5)  quick 
correction  of  short  circuits;  6)  compensation  of  the  resistance 
change  of  the  consumable  electrode  that  accompanied  its  deple¬ 
tion;  7)  immediate  lowering  of  the  electrode  in  the  event  that  a 
parasitic  discharge  arises  or  the  arc  is  thrown  to  the  crystal¬ 
lizer  wall;  8)  starting  the  furnace  at  reduced  power  (until  the 
molten-metal  pool  h;»s  formed),  switching  to  shrinkage-porosity 
extraction  conditions „  and  switching  off  the  furnace  on  comple¬ 
tion  of  melting;  9)  correction  of  the  remelting  electrical  con¬ 
ditions  when  various  types  of  charges  are  used. 

A  system  that  meets  the  above  requirements  and  generally 
permits  melting  without  intervention  on  the  part  of  the  smelter 
operator  has  been  designed  and  is  in  the  debugging  stage  [2,  37], 
It-  has  been  reported  that-  program-eomout-er-controlled  double- 
remelt  arc  furnaces  have  been  placed  in  operation  abroad  [38], 

Motion  pictures  made  of  an  automatically  controlled  arc 
showed  that  its  length  varies  only  by  a  few  millimeters  in  either 
direction,  and  that  the  are  voltage  is  constant  to  within  ±0.25  V 
[39  ]•  Automatic  control  iricr''ased  arc-furnace  Operating  safety 
and  the  speed  of  the  melting  process.  Double  remelting  of  a  2- 
t-.on  ingot,  required  A-5  hours  [6,  2fi3  28.  3Q]. 

A  unit  using  radioactive  isotopes,  such  as  Co^°,  has  been 
developed  for  continuous  measurement  of  interelectrode  distance. 
Phis  level  meter  makes  it  possible  to  determine  the  molten-metal 
level  in  the  crystallizer  or  hold  it  constant  with  an  error  of 
to. 25  mm  [29,  4o].  To  improve  safety  and  reliability  of  melting 
control,  the  furnaces  are  also  equipped  with  remote  systems  for 
manual  control  of  the  process  and  direct  observation  of  arc  burn¬ 
ing,  using  optical  or  television  devices,  optical  systems  are 
currently  regarded  as  more  expedient,  since  they  give  a  sharper 
and,  which  Is  very  important,  a  color  image. 

A  number  of  papers  have  considered  the  question  as  to  the 
possible  use  of  alternating  current  -  single-  and  three-phase  - 
in  arc  furnaces  for  smelting  of  titanium.  Hie  cost  of  the  elec¬ 
trical  equipment  used  in  the  furnace  installation  comes  to  about 
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30 J  of  its  total  cost.  Use  of  alternating  current  would  lower 
the  electrical-equipment  costs  by  1/3,  or  10*  of  the  total  cost 
of  the  installation.  Direct  connection  of  high-power  single¬ 
phase  furnaces  to  the  line  one  at  &  time  cannot  be  permitted , 
since  the  phases  would  be  unevenly  loaded.  In  alternating-cur¬ 
rent  work*  cathode  t caper at ure  is  unstable  because  of  the  sinu¬ 
soidal  fora  of  the  current  curve,  esc-uially  *t  t-h*  times  of 
zero  passage,  and  this  means  a  less  stable  arc.  This  applies  ir. 
particular  at  a  time  when  the  arc  is  being  struck.  Alternating- 
current  work  requires  a  higher  voltage  than  does  dc,  and  this  in¬ 
creases  the  danger  of  lateral  arcing. 

On  direct  current,  about  2/3  of  the  power  As  dissipated  at 
the  anode,  and  use  of  the  ingot  as  the  anode  increases  pool  depth. 
On  alternating  current,  about  5 Of  of  the  power  would  be  dissipated 
in  the  ingot.  Ingots  smelted  out  with  alternating  current  nave 
cooperatively  poor  surfaces.  Attempts  to  eliminate  these  disad¬ 
vantages  of  smelting  titanium  ingots  with  alternating  current 
have  been  unsuccessful.  When  it  is  further  taken  into  account 
that  the  efficiencies  of  semiconductor  rectifiers  arc  quite  high, 
Vr  might  conclude  that  alternating  current  are  s.-.eltine  -f  •.  iian- 
lum  is  not  highly  promising. 

Smelting  in  Electroslag  Furnaces 

The  essentials  of  electroslag  smelting  are  as  follows :  the 
joulean  heat  liberated  in  a  slag  as  an  alternating  current  passes 
through  it  heats  the  slag  to  1900-2000°C,  and  this  melts  a  ccn- 
sumable  electrode  immersed  in  the  slag. 

To  prevent  volatilisation  of  the  slag,  an  argon  atmosphere 
ia  usually  used  for  smelting.  Before  filling  with  argon,  the  fur¬ 
nace  is  evacuated  to  a  residual  pressure  of  0.01-0.05  mm  Hg. 
Figure  116  shows  the  design  of  an  electroalag  furnace  [13,  page 

31*;  «]• 

Alkaline-earth  metal  fluorides  have  been  tested  as  fluxes 
tor  titanium  smelting,  and  "pure"  grade  calcium  f*  iride  has  been 
found  most  suitable. 
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The  electrical  conductivity  of  a  slag  containing  87.3?  CaF2 
is  5*5  ft  ^*cm  *  at  1700°C.  Conductivity  rises  with  increasing 
Ca?2  content  in  the  slag  [42]. 

A  sealed  hopper  may  be  installed  above  the  furnace  to  make 
up  the  slag  losses  incurred  during  smelting.  The  electroslag 
process  can  be  used  to  melt  titanium  with  large-section  consum¬ 
able  electrodes  or  water- cooled  uunuuncumabie  electrodes.  In  tne 
latter  case,  the  titanium  is  introduced  Into  the  molten-metal 
pool  in  the  form  of  sponge,  lump  scrap,  etc.  Below  we  present 
data  on  electroslag  smelting  of  titanium  Ingots  90  mm  In  diam¬ 
eter  with  the  two  electrode  types. 


Current,  A 
Voltage,  V 

Electrode  diameter,  mm 
•?l»2~pool  depth,  mm 
nciting  ret#,  kg/h 
Specific  power  consumption, 
kW*  h/kg 


Consumable  Nonconsumable 

electrode  electrode 


2500-2700  1600 

23-25  24-26 

60  30 

25=30  25-30 

40.5  3.6 


1.6  11.2 


We  see  from  these  data  that  nonconsumabie-eiectrode  smelting 

is  inefficient. 


Figure  116  shows  that  the  aisetro- 
slag  furnace  has  much  in  common  with  arc- 
mc-lting  furnaces. 

The  peculiarities  of  the  electro¬ 
slag  process  can  be  used  especially  ad¬ 
vantageously  in  electroslag  furnaces 
for  smelting  heavy  ingots  -  with  weights 
exceeding  1-2  tons;  the  design  Is  sim¬ 
plified  and  reliability  is  improved.  A 
fundamental  property  of  electroslag 
smelting  -  the  absence  of  vacuum  ~  re¬ 
quires  the  use  of  consuarntble  electrodes 
with  low  hydrogen  contents,  since  there 
it  practically  no  reduction  of  hydrogen 
content  as  a  result  of  electroslag  smelt¬ 
ing,  in  contrast  to  the  case  of  vacuum* 


Figure  116.  Schematic 
construction  of  elec¬ 
troslag  furnace.  1) 
Consumable  electrode; 

el....  5 \ 

•  /  wi  jrovma  11  »«r  £  J  / 

crystal liter  cooling 
jacket;  4)  bottom 
plate:  5)  titanium  in¬ 
got;  6)  layer  of 
molten  slag. 
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be  absorbed  by  the  sponge  during  its  production,  grading,  storage, 
and  conversion  into  consumable  elec' "odes,  and  by  the  finished 
electrodes  themselves,  electroslag  smelting  is  used  only  to  pro¬ 
duce  second-remelt  ingots. 

Experiments  in  which  ingots  of 
titanium  alloys  such  as  0T4,  0T4-1, 
etc.  were  smelted  out  by  the  elec— 
troslag  process  in  a  single  remelt¬ 
ing  indicated  that  the  hydrogen  con¬ 
tent  in  the  ingots  is  within  the 
permissible  range  if  high-quality 
sponge  is  used. 

The  current  needed  for  electro¬ 
slag  smelting  is  determined  by  the 
cross-sectional  area  of  the  electrode 
tc  be  melted  (Fig.  117).  It  is  0.3- 
0.4  A/rna  for  electrodes  with  cross 


Figure  117.  Optimum  cur¬ 
rents  *!,<*  current  densi- 
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troda  during  smolting  of 
round  titanium  ingots  by 
the  electroslag  process. 
1)  Current;  2)  current 
density. 


sections  larger  than  300  cm 


Th« 


current  densities  in  electrodes  of 

.2 


the  same  oroas  section  for  do  arc  smelting  are  0.10-0.15  A/ram  , 
i.e. , approximately  one-third  as  high. 

The  distance  between  the  electrode  and  the  crystallizer  is 
determined  by  convenience  in  insertion  of  the  electrodes  into  the 

rnvtnoAa  awjJ  may  tm  v*y  <  n  a  hmrjo/J  Y*  on  era  —  fwnm  20  tO  100  ITifTl  CP  HIOPC  * 
An  important  advantage  of  slectrcslag  smelting  is  the  absence  of 
the  arc,  which  means  that  the  separation  between  the  electrode 
and  the  crystallizer  need  only  exclude  the  possibility  of  short 
circuiting  between  them.  The  absence  of  metal  spatter  and  the 
"crown"  in  the  electroslag  process  and  the  uniform  heating  of  the 
ingot  by  the  slag  over  its  entire  surface  even  at  clearances 
greater  than  100  mm  make  possible  thorough  melting  of  the  side 
surfaces  of  the  ingot,  so  that  it  is  sometimes  unnecessary  to 
rough  it  down  before  forming. 

There  are  two  current-flow  possibilities  in  flux-shielded 
smelting:  with  the  bottom  plate  insulated  from  the  crystallizer. 
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all  of  the  current  from  che  consumable  electrode  flows  through 
the  slag  pool  to  the  ingot;  when  there  is  no  insulation  between 
the  bottom  plate  and  the  crvatalli zer.  th*  current  may  branch  as 
it  flows  through  the  slag  pool,  part  of  it  going  through  the 
liquid-metal  pool  to  the  ingot  and  bottom  plate,  and  the  rest 
through  the  crystallizer  wall.  As  the  fraction  of  the  current 
flowing  through  the  crystallizer  wall  increases,  so  does  tempera¬ 
ture  in  the  electrode-crystallizer  zone,  i.e.,  temperatures  are 
equalized  throughout  the  entire  volume  of  the  slag  pool,  and  this 
should  have  a  favorable  effect  on  the  volume  and  shape  of  the 
metal  pool . 
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percentage  of  the  current  flows  to  the  crystallizer  wall  [^3]. 


Installation  of  three  electrodes  in  the  furnace  makes  it 
possible  to  supply  it  with  three-phase  current.  If  all  three 
are  arranged  in  a  row,  it  is  possible  to  produce  flat  ingots, 
whose  flat  surfaces  make  it  possible  to  send  them  directly  to 
the  forming  stage. ^ 


The  specific  electric  power  consumption  in  eleotroslag  ti¬ 
tanium  smelting  depends  on  smelting  conditions,  ingot  size,  and 
consumable-electrode  dimensions.  Low  voltages  -  not  above  26-30 
V  —  are  typical  for  the  eleotroslag  process.  The  specific  elec¬ 
tric  power  consumption  came  t -  l.j— 1.5  kVf*h/kg  in  smelting  Ingots 
120  mm  in  diameter  with  consumable  electrodes  70  mm  in  diameter. 


Thus,  electroslag  smelting  of  titanium  has  the  following 
advantages:  the  possibility  of  dispensing  with  the  dc  source, 
smelting  of  large  flat  ingots,  omission  of  the  ingot-roughing 
and  shrinkhole-extraction  steps  in  many  cases  (because  of  the 
slag  layer,  which  acts  as  heat  insulation),  and  better  operating 
safety  because  of  the  absence  of  the  arc. 


Experimental  titanium  and  titanium-alloy  melts  were  made 
with  an  electric  arc  under  a  layer  of  fused  slag.  The  process 
was  carried  out  at  60-70  V  in  an  argon  atmosphere  at  a  pressure 
of  360-500  mm  Hg.  The  increase  in  arc  power  increased  the  meit- 
lng  rate  by  a  factor  of  about  1.5-  The  flux  causes  overhsating 
Footnote  (6)  is  on  page  559- 
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of  the  pool  thoroughly,  and  produces  an  ingot  with  a  quite  even 
surface  and  no  "crown."  Flux  smelting  is  by  no  means  free  of 
important  disadvantages:  dirtying  of  all  parts  of  the  furnace, 
including  its  vacuum  elements,  by  flux  dust  and  an  increased  ex¬ 
plosion  hazard  [13,  page  275]. 

Certain  Problems  of  Operating  Safety 

Since  titanium-smelting  furnaces  are  potential  explosion 
hazards,  normal  performance  requires  strict  observance  of  safety 
rules  that  have  been  elaborated  at  the  plants. 

The  safety  measures  to  be  observed  in  pressing  electrodes 
reduce  basically  to  removal  of  the  explosive  titanium  dust  from 
the  zones  in  which  it  forms.  The  titanium  sponge  that  sticks 
to  the  surface  of  the  extrusion-die  taper  must  be  removed  sys¬ 
tematically,  since  otherwise  the  electrode  will  move  through 
the  die  in  .Jerks  with  the  attendant  dangerous  waterhammer  ef¬ 
fects.  A  vaeuiim-nl  oanl  ncr  a  v  » m  miiof  ka  misn.ki.  ».  u  _ 
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dust  and  fine  scale  that  form  when  the  crystallizers  are  cleaned. 

The  basic  danger  chat  arises  in  vacuum  arc  smelting  is  burn¬ 
ing  through  of  the  crystallizer  walls  by  the  electric  arc.  Tills 
allows  water  to  penetrate  into  the  furnace  space  and  react  with 
the  molten  or  glowing  metal  with  formation  of  hydrogen.  However, 
hydrogen  alone  does  not  cause  explosions.  If,  on  the  other  hand, 
the  wall  tears  or  cracks  as  a  result  of  the  violent  generation  of 
steam  and  air  penetrates  through  them,  the  result  is  a  aetonating 
gas  that  may  explode  and  destroy  the  entire  furnace.  Water  may 
be  drawn  into  the  furnace  working  space  through  cracks  or  open 
blisters  in  the  crystallizer  wall.  Air  may  enter  the  furnace 
through  the  water-drain  pipes. 

Study  of  arc-furnace  explosions  has  shown  that  they  are  not 
always  caused  by  burning  through  of  tne  crystallizer  wall  by 
stray  lateral  arcs  ,  Inadequate  delivery  of  water  into  the  cool¬ 
ing  Jacket  may  intensify  the  generation  of  steam,  with  bursting 
of  furnace  elements  as  a  consequence- 
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nute  leaks  sometimes  form  in  the  walls  of  water-cooled  ele- 
and  the  entrance  of  water  into  the  furnace  may  go  unnoticed 
operation  of  the  pumping  system.  However,  as  the  ingot 


cools  with  the  vacuum  system  shut  off,  a  si 
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it  before  it  is  opened  may  also  produce  an  explosion. 
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rod,  the  bottom  plate,  and  the  crystallizer,  are  also  parts  of  the 
furnace  power  system  end  the  voltage  drops  across  them  are  signifi¬ 
cant.  When  the  cooling  water  contains  a  certain  quantity  of  3alts, 
electric  current  passes  through  it  between  units  that  are  at  dif¬ 
ferent  potentials,  and  this  is  accompanied  by  solution  of  anode 
material.  To  eliminate  this  effect,  elements  in  which  substantial 
potential  differences  are  possible  must  be  electrically  bonded, 
and  softened  water  must  be  used  for  cooling. 


Explosions  may  also  be  caused  by  oil  from  the  vacuum  pumps 
entering  the  furnace  with  the  hot  metal  when  the  pumps  are  acci¬ 
dentally  shut  off,  and  by  hydrocarbon  vapor  from  rubber  packings 
that  decompose  under  the  influence  of  local  overheating. 


Lusty  titanium  and  magnesium  deposits  produced  by  condensa¬ 
tion  of  their  vapors  during  smelting  on  the  cold  crystallizer  and 
vacuum-chamber  surfaces  can  also  form  explosive  mixtures  with  air. 


The 

venticn  c 


following  basic  measures  are  usually 
f  explosions  in  vacuum  arc  furnaces: 


recommended  for 


1.  The  arc  length  must  be  held  as  short  as  possible,  no 
longer  thar\  the  width  of  the  gap  between  the  electrode  and  the 
crystallizer  wall.  It  is  desirable  to  have  the  crystallizer  wall 
thickness  of  the  same  order  as  the  arc  gap,  i.e.,  about  4o-5o  mm. 
At  this  thickness,  the  length  of  the  arc  will  increase  as  the 
wall  melt3,  and  this  will  shift  it  away  before  the  wall  has  been 
burned  through.  One  report  [50]  claims  that  a  copper  crystal¬ 
lizer  370  mm  in  diameter  with  a  wall  thickness  of  40-45  mm  was 
operated  for  several  years  without  being  burned  through  once.  It 
is  advantageous  to  make  the  crystallizers  from  seamless  hollow 
shells  fabricated  especially  for  the  purpose.  Packings  should  be 
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placed  as  far  as  possible  from  the  zone  in  which  the  arc  earns 
and  protected  with  locally  cooled  heat  shields.  The  requirements 
cited  above  pertain  equally  to  the  bottom  plate. 

2.  The  pressure  of  the  gaseous  phase  in  the  crystallizer 
must  be  below  the  critical  value  conducive  to  glow-discharge  for¬ 
mation.  Practical  experience  has  shown  that  explosions  occur  In 
furnaces  operated  at  comparatively  high  residual  pressures  or  ir. 
inert-gas  atmospheres  at  pressures  of  a  ~ew  millimeters  cf  mer¬ 
cury. 

3.  The  pressure  in  the  furnace  should  be  kept  as  low  as  pos¬ 
sible  in  the  event  that  water  is  sucker'  or  forced  into  the  fur¬ 
nace.  This  requires  the  use  of  vacuum  pumps  with  high  pumping 
speeds  and  delivery  increasing  with  rising  pressure  in  the  purred 
space. 

As  we  noted  above,  twin-rotor  pumps  nave  such  characteristics 


If  the  delivery  of  the  vacuum  system  is  sufficient  to  remove 
all  of  the  hydrogen  and  steam  formed  on  entrance  of  water  at  com¬ 
paratively  low  pressures  (below  ftG  mm  Hg  according  to  [Aft]),  the 
explosion  hazard  is  sharply  reduced.  To  prevent  loss  of  vacuum 
and  formation  of  explosive  mixtures,  vacuum  furnaces  are  equipped 
with  sensors  that  operate  a  quick-action  vacuum  slide  to  shut  off 
the  vacuum  system  when  the  pressure  rises  to  a  predetermined 
limit. 


If  the  furnace  pressure  rises  above  atmospheric,  the  excess 
of  gas  is  released  through  a  safety  valve  adjusted  to  0.1-0. 3  atm. 
In  this  case,  the  excess  pressure  in  the  furnace  prevents  air  from 
entering  it.  Explosion  valves  should  be  installed  in  pipe  fit¬ 
tings  situated  as  close  as  possible  to  crystallizer  height.  It 
is  necessary  to  eliminate  the  possibility  of  air  entering  the  fur¬ 
nace  through  the  explosion  valve. 


ft.  The  furnace  must  disconnect  itself  automatically  from  the 
electric  power  source  when  water  enters  it  or  when  the  water 
pressure  in  the  main  drops  below  the  permissible  norm.  It  is 
necessary  to  provide  an  emergency  water  supply  that  cu-s  * n  — — - — 
matically.  Check  valves  must  be  placed  on  the  lines  draining 
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wat?r  from  the  main  subassemblies  (crystallise:',  bofem  plate, 
electrode  holder)  to  eliminate  the  possibility  of  air  induction 
into  the  furnace  when  the  walls  of  the  water-cooling  system  burn 

f  V\  *tr\i  1 
w*»*  WMC*,‘  • 

5.  The  consumable  electrode  must  be  centered  carefully  on 
the  axis  or  the  crystallizer. 


Consumable  electrodes  must  be  quite  strong,  since  the  arc  is 


transferred  instantly  to  the  crystallizer  when  an  eleczrode  o,*eaKs 


off  inside  it. 


6.  When  ir.rcts  are  cooled  with  the  vacuum  pump  off,  i.e.,  in 
an  inert-gas  atmosphere,  the  gas  must  be  pumped  out  of  the  furnace 
before  the  vacuum  is  broken. 


7.  The  furnace  may  not  be  opened  immediately  in  an  emergency 
resulting  from  water,  air,  or  vacuum  oil  in  the  furnace  or  melt¬ 
ing  of  a  gasket.  The  ingot  must  be  allowed  to  cool  completely 
and  the  furnace  must  be  pumped  out;  only  then  may  the  furnace  be 
opened  with  all  precautions,  since  it  may  contain  hydrogen. 

The  measures  enumerated  above  do  not  completely  eliminate 
the  explosion  hazard  associated  with  smelting.  For  this  reason, 
large  industrial  furnaces  are  installed  a;,  strong  protective  steel 
or  reinfcrcca-concrete  bunkers.  The  bunker  doors  should  be  fitted 
with  automatic  interlocks  that  make  it  impossible  to  open  them 
without  shutting  off  furnace  current. 
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switch  off  automatically  and  sound  an  alarm  on  a  departure  fra? 
the  predetermined  conditions  in  any  of  its  subassemblies.  Pur 
naces  are  remote-controlled  from  a  central  desk  equipped  with  s 
device  for  visual  monitoring  of  the  smelting  operation  f26,  S5- 


<»7,  50]. 


Although  electroslag  furnaces,  which  have  no  arcs,  obviously 
present  less  of  an  explosion  hazard  than  arc  furnaces,  it  is  still 
possible  for  the  crystallizer  to  bum  through,  for  example  when  its 
cooling  system  malfunctions  or  the  consumable  electrode  is  short- 
circuited  against  the  inner  crystallizer  wall.  For  this  reason. 
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the  above  safety  measures  must  also  be  observed  In  operating  elec¬ 
troslag  furnaces,  including  the  erection  of  protective  bunkers. 

Prospects  for  the  Development  of  New  Furnace  Designs 

Although  vacuum  arc  melting  is  used  extensively  in  industry 
for  titanium  and  its  alloys,  it  is  not  free  of  serious  deficien¬ 
cies.  Principal  among  these  are  the  small  size  of  the  molten- 
metal  pool,  which  makes  it  difficult  t-o  produce  ingots  witn  uni¬ 
form  chemical  composition  and  structure,  the  difficulty  of  smelt¬ 
ing  out  rectangular-section  ingots ,  the  explosion  hazara  presented 
by  the  furnaces,  and  the  poor  adaptability  of  arc  furnaces  to  in¬ 
stallations  for  production  of  titanium  castings.  It  has  been 
found  that  the  difficulties  of  producing  ingots  of  homogeneous 
composition  and  structure  increase  with  increasing  ingot  weight. 
Although  electroslag  melting  eliminates  some  of  the  disadvantages 
of  arc  melting,  it  does  not  solve  all  of  the  problems  encountered 
In  smelting  titanium.  For  this  reason,  concurrently  with  im¬ 
provement  of  the  vacuum-arc  and  electroslag  processes,  r=  search 
aimed  at  finding  other  smelting  methods  has  been  underway  for  a  ^ 
long  time.  Metal-liner  smelting  is  a  prime  object  of  attention. 
Since  such  furnaces  are  highly  promising  for  smelling  of  titanium 
scrap,  they  will  be  discussed  in  Chapter  21. 

Another  trend  is  ordinary  melting  ir  induction-heated  cru¬ 
cibles.  The  basic  obstacle  to  this  is  the  difficulty  of  finding 
a  crucible  material  that  will  resist  attack  by  the  molten  metal. 

All  these  studies  have  a  single  objective:  finding  ways  to 
increase  the  mass  of  the  liquid-metal  pool  in  order  to  make  i^ 
possible  to  remelt  lump  titanium  scrap  and  make  castings  from  it. 

Still  another  new  melting  process  -  the  electron-beam  proc¬ 
ess  -  is  making  rapid  inroads  into  the  industry.  This  method  is^ 
characterized  by  the  need  for  a  high  vacuum,  of  the  order  of  10  - 
10“5  mm  Hg.  The  material  to  be  melted  is  introduced  into  the 
furnace  working  space  in  the  loose  or  compact  solid  form.  When 
electron  bombardment  is  used,  the  metal  can  be  held  in  the  molten 
state  for  a  long  time  in  a  hard  vacuum  at  temperatures  substan¬ 
tially  in  excess  of  its  melting  point.  Electron-beam  melting 
Footnote  (7)  is  on  page  559. 
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makes  it  possible  to  solve  a  number  of  pressing  technological 
problems:  eliminate  the  preparation  of  consumable  electrodes, 
smelt  out  complex-cross-section  ingots,  remelt  scrap,  and,  with 
the  appropriate  monitoring  facilities,  eliminate  smelter  explo- 
s 1 on 3  • 

Industrial  electronic  furnaces  are  rated  at  up  to  1500  kW. 

As  we  should  expect,  electron-beam  molting  of  titanium  sponge 
does  not  lower  the  Ingot's  contents  of  impurity  oxygen,  nitrogen, 
iron,  or  carbon,  but  the  hydrogen  content  is  reduced  iron)  hun¬ 
dredths  to  ten-thousandths  o',  a  percent  (by  mass),  with  the  re¬ 
sult  that  specimens  made  from  such  ingots  have  shown  impact 

o 

strengths  of  2 3.5-27.2  kgfm/cm",  i.e.,  about  one  and  a  half  times 
the  figures  for  specimens  produced  by  electric-arc  smelting. 

Electron-beam  smelting  of  titanium  alloys  has  produced  simi¬ 
lar  results  -  a  substantial  drop  in  hydrogen  content  and  a  large 
increase  in  impact  strength.  Since  melting  occurs  in  a  high 
vacuum,  practically  ail  of  the  manganese  is  removed  from  the  ti¬ 
tanium.  It  Is  therefore  not  advantageous  to  use  the  electron- 
beam  furnace  for  titanium-manganese  alloys. 

The  behavior  of  aluminum,  which  is  used  in  most  titanium 
alloys,  in  the  electronic  smelting  process  has  been  studied  in 
2 o-.-  detail.  It  was  found  that  the  introdiction  of  aluminum 
directly  into  the  charge  results  in  appreciable  vaporization  of 
the  additive  when  it  is  present  in  amounts  larger  than  2.5*.  No 
loss  of  tin  occurred  during  electron-beam  smelting  of  a  titanium 
alloy  with  up  to  3*  of  tin. 

Thus,  electron-beam  smelting  may  be  used  to  produce  titanium 
alloys  with  many  other  elements  -  niobium,  tantalum,  vanadium, 
and  others,  as  well  as  alloys  with  moderate  aluminum  and  tin  con¬ 
tents  . 

Although  electron-beam  smelting  of  titanium  alloys  does  not 
increase  their  mechanical  properties  other  than  impact  strength, 
the  above  advantages  of  this  process  may  dictate  its  use  for 
smelting  of  certain  titanium  alloys  that  are  subject  to  more 
rigid  requirements  C ] • 
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A  radiation  method  has  been  proposed  for  smelting  of  titanium 

/  ft  \ 

and  titanium  alloys /o;  Its  essentials  are  as  follows:  a  conical 
heater  consisting  of  resistance  elements  made  from  graphite  or 
high-melting  metals  such  a3  tungsten  or  molybdenum  is  placed 
above  a  cooled  crystallizer.  The  metal  in  the  crystallizer  is 
melted  by  radiation  from  the  conical  heater,  whose  temperature 
is  brought  up  to  2600°C. 
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Footnote  (8)  Is  or.  page  559. 
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Chapter  21 


REFINING  CERTIFIED  TITANIUM  AND  TITANIUM- 
ALLOY  SCRAP 

Gsncrcl  Informatics  sn  the  Proce**  and  Characterization  of  Scraps 

Two  basic  kinds  of  scrap  —  certified  and  uncertified  —  are 
formed  in  the  production  of  titanium  sponge  and  titanium  and  ti¬ 
tanium-alloy  ingots  and  semifinished  products. 

ocrap  contaminated  with  various  impurities,  chiefly  at  the 
surface  of  the  metal,  is  usually  referred  to  as  certified  scrap; 
it  can  be  refined  into  commercial  metal  after  removal  of  the 
superficial  contaminants  by  various  methods  and  subsequent  re¬ 
melting  of  the  metal.  This  section  will  consider  the  utilization 
of  certified  scrap,  which  includes  chips,  various  trimmings ,  ssmi= 
finished  products  with  surface  defects,  ingot  crowns,  rejected 
pieces,  etc. 

Uncertified  scrap  is  3 crap  in  which  the  metal  is  contaminated 
not  only  at  the  surface,  but  also  in  volume;  the  extent  of  the  con¬ 
tamination  is  greater ,  so  that  reclaireing  the  scrap  requires  ap¬ 
plication  of  such  methods  as  electrolytic  or  thermal  refining  to 
purify  the  metal.  Problems  of  reclaiming  uncertified  scrap  will 
be  examined  in  Chapter  25. 

The  problem  of  utilizing  titanium  and  titanium-alloy  seraph 
is  particularly  pressing,  and  a  great  deal  of  attention  has  been 
Footnote  (1)  is  on  page  598. 


FTD-HC-2 3-352-69 


*  f 


5 


\ 


devoted  to  it  since  the  very  beginning  of  industrial  titanium  pro¬ 
duction.  As  will  be  shown  below,  the  relative  amount  of  scrap 
formed  when  products  are  made  from  titanium  is  very  large.  In 
most  cases,  the  titanium  scrap  is  high-quality  metal  contaminated 
only  at  the  surface  by  gaseous  impurities .  However,  a  number  of 
difficulties  stand  in  the  way  of  utilisation  of  titanium  scrap. 


Firstly,  by  far  the  greater  part  of  the  scrap  is  obtained  in 
oxidised  form,  since  titanium  reacts  with  atmospheric  oxygen  on 
heating,  which  is  an  inevitable  part  of  the  process  in  which  it 
is  made;  it  also  absorbs  a  certain  amount  of  nitrogen  in  this 
process.  Use  of  oxidised  wastes  in  an  ingot-smelting  charge  would 
lower  the  plastic  properties  of  the  metal  in  these  ingots  and  lead 
to  rejection  of  semifinished  products. 


Secondly,  the  preparation  of  consumable  electrodes  containing 
scrap,  and  especially  lump  scrap,  would  require  a  new  technology 
for  making  the  consumable  electrodes  and  development  of  new  ti¬ 
tanium-smelting  furnace  designs  in  which  the  scrap  is  fed  directly 
into  the  melting  space.  It  would  also  be  necessary  to  arrange  for 
collection  and  storage  of  the  scrap  in  such  a  way  that  it  would 


not  be  declassified.  It  is  net  possible  to  use  mixed  scrui  i:. 

titanium  production  in  the  same  way  as  ferrous-metal  scrap  is 
used  in  the  steel-smelting  Industry. 


Thirdly,  there  was  until  very  recently  no  efficient  tech¬ 
nology  for  processing  titanium  Scrap  into  high-grade  netai. 

For  a  long  time,  the  above  difficulties  remained  insurmount¬ 
able,  with  the  result  that  titanium  scrap  went  unused  and  accumu¬ 
lated  at  plant  dumps  or  was  used  to  cover  subsidiary  needs  instead 
of  the  considerably  cheaper  nonmetalllc  titanium-containing  mate¬ 
rials.  The  result  was  highly  unproductive  waste  of  a  valuable 
metal. 

Discovery  of  ways  to  utilise  titanium  scrap  would  Increase 
the  reserves  of  the  metal  substantially  and  help  lower  the  net 
cost  of  titanium  semifinished  and  finished  products.  This  last 
point  is  especially  important  for  such  an  expensive  metal  as  ti¬ 
tanium,  since  its  high  cost  is  a  substantial  obstacle  to  wider 
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application  of  this  metal  (see  Chapter  1). 

A  number  of  published  economic  analyses  have  led  American 
economists  to  the  conclusion  that  extensive  use  of  titanium  in 
n.onmilitary  fields  of  engineering  will  be  possible  only  if  titan¬ 
ium  semifinished  products  are  made  cost-competitive  with  stainless 
steel  and  nickel  [51]* 

The  economic  advantage  of  utilising  titanium  scrap  in  the 
i.ngot-smelting  charge  is  obvious.  Simple  calculations  indicate 
that  even  when  a  pilot-plant  technology  is  used  to  prepare  titan¬ 
ium  scrap  for  smelting,  the  cost  of  the  scrap  is  only  a  small 
fraction  of  the  cost  of  sponge  titanium. 
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Figure  118.  Chart  of  prospective  technological  process 
for  smiting  and  rolling  titanium  at  a  largs  metallur¬ 
gical  plant. 

Thus,  in  contrast  to  certain  more  common  metals,  the  tech¬ 
nology  of  utilising  scrap  is  one  of  the  most  important  divisions 
of  titanium  metallurgy. 
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According  to  foreign  publications,  a  number  of  firms  and  re¬ 
search  organizations  are  engaged  in  work  on  the  utilization  of 
titanium  scrap.  Pour  years  of  work  resulted  in  development  of  a 
method  for  grading  unidentified  titanium  scrap  originated  by 
users  [52]. 

The  amount  of  scrap  formed  in  the  smelting  and  processing  of 
titanium  ingots  depends  on  the  level  of  the  titanium-refining 
technology  and  the  types  of  semifinished  and  finished  product? 
involved. 

Figure  118  charts  a  projected  technological  process  for  the 
manufacture  of  titanium  rolled  products  at  a  large  mill  using  a 
thoroughly  assimilated  technology  [53]-  It  follows  from  Fig.  118 
that  the  yield  of  useful  semifinished  products  represents  about 
65$  of  the  charge.  In  reality,  however,  the  yield  of  good  ingots 
was  until  recently  not  S3 »,  as  indicated  in  Fig.  118,  but  about 
85$,  and  the  useful  yield  in  sheet  production  about  50$  [54  3 • 

On  the  basis  of  available  experience,  it  can  be  assumed  that 
the  yield  of  products  from  the  ingot-smelting  charge  is  27$  for 
pieces  fabricated  from  sheet,  24$  for  pipes,  and  18$  for  forgin.”  ; 
the  irrecoverable  losses  are  5-10$.  Consequently,  about  70-75$ 
of  the  metal  used  to  Bmelt  out  ingots  becomes  scrap  and  is  sub¬ 
ject  to  regeneration  [54,  55]. 

According  to  published  reports,  the  firm  Remkru  (USA)  uses 
about  25$  of  scrap  in  the  titanium-smelting  charge  [56].  Another 
American  firm.  Titanium  Metals  (TMCA)  uses  arc  furnaces  at  its 
Henderson  plant  to  smelt  out  ingots  weighing  up  to  3-4  ton3  from 
charges  consisting  25-30$  of  scrap  [57].  The  British  firm  Imper¬ 
ial  Chemical  Industries  (ICI)  uses  40-50$  scrap  in  smelting  tech¬ 
nical  titanium  and  low  alloys;  the  high  alloys  contain  somewhat 
smaller  amounts  of  scrap  —  30  to  40$  [58]. 

The  data  of  Table  40  [59-61,  139]  characterize  the  average 
degree  of  utilization  of  secondary  titanium  in  the  USA;  the  table 
shows  that  the  yearly  average  consumption  of  titanium  scrap  in 
the  USA  varies  from  20  to  q0$  of  the  mass  of  the  Ingots  produced. 
The  lower  scrap  consumption  in  1963-1966,  which  is  paralleled  by 
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Utilization  of  Scrap  by  the  U.S.  Titanium  Indust™  i. 
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a  marked  Increase  in  ingot  casting,  is  apparently  to  be  explained 
by  increased  production  of  high  alloys.  In  which  scrap  is  used  in 
smaller  amounts  than  in  ordinary  titanium  alloys. 

If  we  assume  that  751  of  the  metal  used  in  smelting  out  the 
ingots  goes  into  scrap,  the  data  of  Table  40  and  Fig.  118  indicate 
that  the  percentage  of  scrap  returned  to  the  charge  for  smelting 
of  ingots  in  the  USA  during  1963-1966  represented  27 ?  of  the  total 
amount  of  scrap  formed. 

Considering  the  high  cost  of  titanium,  a  27?  degree  of  titan¬ 
ium-scrap  utilization  must  be  regarded  as  unsatisfactory.  At  the 
same  time,  secondary  metals  are  used  to  produce  about  50?  of  the 
steel,  40-45?  of  copper  and  copper-based  alloys,  30-35?  of  alumi¬ 
num  alloys,  and  25-30?  of  lrad  alloys. 
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Utilization  o f  technical  titanium  scrap  has  beer,  partly  re¬ 
sponsible  for  the  high  quality  attained  in  titanium  sponge  in  re¬ 
cent  years.  To  Increase  the  hardness  of  the  ingots,  the  British 
firm  ICI  even  injects  titanium  dioxide  into  the  smelting  charge 
l6zj.  In  the  USA,  up  to  35S  of  oxidized  scrap  [63],  apparently 
in  the  form  of  crushed  shavings,  is  introduced  into  the  charge 
Instead  of  titanium  dioxide. 

As  the  quality  of  titanium  sponge  is  improved,  l.e.,  as  its 
hardness  Is  lowered,  the  amount  of  scrap  that  can  be  introduced 
into  the  smelting  charge  may  reach  >t5S  [137]. 

Metallurgical  and  metalworking  plants  produce  an  extremely 
wide  variety  of  titanium  scrap:  chips,  ingot  "crowns,"  ingot  tem¬ 
plates,  splices,  rod  and  plate  trimmings,  sheet-cutting  scran, 
fins,  broaching  and  punching  scrap,  butts,  trimmings  from  hot- 
and  cold-rolled  sheets,  odd  pieces  of  sheets,  rods,  and  other 
seal finished  products,  and,  finally,  various  rods,  sheets,  fin¬ 
ished  workpieces,  and  the  like  tha-  have  been  rejected  for  dimen¬ 
sional  and  other  reasons,  auch  as  surface  quality. 

Experience  has  shown  that  it  is  most  advantageous  to  classi¬ 
fy  scrap  on  the  basis  of  the  method  used  to  inject  it  into  the 
melt.  All  forms  of  scrap  can  then  be  broker,  down  into  two  basic- 
classes:  chips,  which  go  into  the  expendable  electrode  when  it  is 
pressed  from  titanium  sponge,  and  lump  scrap;  the  latter  go  into 
the  consumable  electrode  or  directly  into  the  furnace  at  the  first 
remelting  of  the  ingot. 

The  above  types  of  scrap  are  also  differentiated  in  accord¬ 
ance  with  their  degree  of  oxidation.  For  example,  unoxidized 
chips  and  chips  with  various  degrees  of  oxidation  may  be  produced 
during  processing  of  the  same  ingot  or  part.  Thus  there  would 
obviously  be  no  point  in  classifying  the  chips  into  two  groups  — 
oxidized  and  unoxldlzed  —  since  this  would  complicate  collection 
and  storage.  On  the  other  hand,  lump  scrap  must  be  sorted  on  the 
basis  of  the  process  stages  in  which  it  was  formed  (forging, 
pressing,  etc.),  to  which  the  degrees  of  oxidation  of  the  scrap 
also  correspond.  The  procedure  used  to  prepare  this  scrap  for 
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remeltins  will  vary  accordingly. 

We  noted  above  that  titanium  scrap  is  oxidized  preferentially 
at  the  surface .  Removal  of  this  oxidized  layer  from  the  surface 
of  the  scran  by  one  method  or  another  produces  metal  that  is  quite 
suitable  for  introduction  into  the  charge  for  remelting.  However, 
some  serap,  chiefly  chips  from  heavily  oxidized  ingots,  billets, 
or  forging?,  may  be  saturated  with  oxygen  through  its  entire  cross 
section.  Quite  obviously,  such  scrap  cannot  be  processed  with  a 
view  to  removing  only  the  surface  layer;  it  must  be  regenerated 
by  some  other  method. 

Tv:o  basic  methods  for  the  re  iovery  of  titanium  scrap  are 
used  in  the  USSR  and  abroad:  a)  return  to  the  melt  after  removal 
of  the  oxidized  surface  layer;  b)  electrolytic  and  thermal  re¬ 
fining.  The  former  method  is  applicable  to  surface-oxidized  tech¬ 
nical-titanium  and  titanium-alloy  scrap,  irrespective  of  form. 
Electrolytic  and  thermal  refining  of  titanium  presents  independent 
problems  that  will  be  examined  in  Parts  V  and  VII  of  the  present 
volume. 

Regeneration  of  scrap  before  remelting  consists  basically  in 
removal  cf  the  oxidized  surface  layer.  Electrolytic  and  thermal 
refining  should  be  applied  only  te  those  types  of  scrap  that  can¬ 
not  be  sent  for  remelting,  such  as  through-oxidized  chips  removed 
from  Ingots  subjected  to  prolonged  heating  at  high  temperatures 
before  pressworking,  fine  chips  that  have  been  contaminated  with 
iron  {screenings  from  degreased  chips),  pressroom  scrap,  the 
fragments  of  which  usually  include  contaminants,  unclassified 
scrap,  such  as  chips  and  filings,  obtained  from  customers,  and 
3crap  formed  during  dressing  of  primary  titanium  sponge. 

Specialists  estimate  that  about  701  of  scrap  can  be  sent  for 
remelting  after  appropriate  preparation;  the  remaining  30?  must 
be  refined. 

Thus,  figuring  this  time  with  finished  rather  than  semi¬ 
finished  products,  we  obtain  the  following  tentative  budget:  metal 
in  ingot-smelting  charge  1001;  finished  product  yield  15-25?; 
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certified  scrap  about  50 %,  uncertified  scrap  to  be  refined  elec- 
troly tically  or  by  other  methods  about  20S,  and  irrecoverable 
losses  8-12Jf. 

Tlie  question  as  to  the  maximum  permissible  content  of  seraph 2 ^ 
in  the  ingot- “melting  charge  is  of  prime  importance.  Obviously, 
a  substantial  amount  of  scrap  must  be  remelted  repeatedly  if  the 
useful  product  yield  is  15-25J.  As  we  noted  earlier  (see  page 
530),  remelting  of  titanium  is,  in  itself,  of  little  detriment  to 
the  quality  of  the  metal. 

In  practice,  however,  a  strength  increase  of  approximately 
3-5  kgf/mm2  is  nevertheless  observed  when  titanium  is  remelted  in 
Industrial  furnaces;  this  corresponds  approximately  to  a  0.04J 
increase  in  the  metal’s  oxygen  content.  Thus,  scrap  returned  for 
melting  after  removal  of  the  oxidized  surface  layer  will  contain 
progressively  larger  amounts  of  oxygen  distributed  uniformly  over 
the  entire  cross  section  of  the  secondary-metal  lump,  with  the 
result  that  the  percentage  of  scrap  introduced  into  the  charge 
must  be  limited  to  keep  the  total  otygan  content  in  the  ingot  De- 
low  a  definite  limit.  Another  factor  that  must  be  considered  in 
determining  this  percentage  is  that  the  oxygen  present  in  the  sur¬ 
face  layers  of  the  scrap  may  not  be  removed  completely  by  surface 
processing  of  the  scrap. 

S.I.  Sychevoy  and  G.D.  Zyukov-Batyrev  [13,  page  282]  proposed 
a  formula  that  can  be  used  to  calculate  the  maximum  amount  of 
scrap  that  car.  be  introduced  into  an  ingot-smelting  charge: 


C-Crf 


100 

IOO-.Y 


AC.+ 


100-JV 


AC„ 


(1> 


where  C  is  the  maximum  permissible  oxygen  content  in  the  ingot 
smelted  out,  in  ?;  C  is  the  average  oxygen  content  in  the  titan- 

O 

ium  sponge,  in  I;  ACp  is  the  increase  in  ingot  oxygen  content 
caused  by  arc-furnace  remelting,  in  I;  AC  is  the  oxygen-content 
increase  in  the  scrap  due  to  incomplete  removal  of  the  oxygen- 
enriched  surface  layer  from  the  scrap,  in  *:  and  N  is  the  per¬ 
centage  of  scrap  that  can  be  introduced  into  the  ingot-smelting 

charge,  in  <. _  • 

Footnote  (2)  is  on  page  598. 
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According  to  the  prevailing  Soviet  and  foreign  technical 
specifications  for  titanium  and  titanium-alloy  ingots,  oxygen 
content  may  not  exceed  0.2%.  Titanium  sponge  usually  contains 
no  more  than  0.1?  of  Gj.  The  increase  in  oxygen  content  during 
smelting  may.  as  we  noted  above,  be  assumed  equal  to  C . 04$ .  Sub¬ 
stituting  these  values  into  the  above  equation,  we  can  determine 
the  permissible  scrap  oxygen  concentration  resulting  from  oxida¬ 
tion  of  the  surface  layers  of  the  scrap  for  various  scrap  percent¬ 
ages  returned  to  the  charge  for  melting- 


The  calculated  results  may  be  expressed  as  follows: 


Percentage  of  scrap 

recycled  10  20  30  40  50  60 

Permissible  oxygen 
concentration  in 

scrap  (ACS),  *  0.055  0.050  0.043  0.033  0.020  0 

We  see  on  examination  of  these  data  that  under  the  existing 
requirements  defining  oxygen  concentration  in  titanium  alloys, 
and  at  the  prevailing  titanium-sponge  oxygen  concentration,  the 
permissible  oxygen  content  in  scrap  resulting  from  surface  oxida¬ 
tion  is  rather  low  and  diminishes  rapidly  with  increasing  percent¬ 
age  of  scrap  Introduced  into  the  smelting  charge.  For  example, 
use  of  60K  of  certified  scrap  in  the  charge  would  be  possible 
only  if  in*  scrap  had  no  oxygen  impurity  at  all,  which  is  un¬ 
realistic.  It  follows  from  the  data  of  S.I.  Syohevoy  and  G.D. 
Zyukov-Batyrev  that  up  to  50$  scrap  can  be  introduced  into  the 
charge  for  smelting  out  titanium  and  titanium-alloy  ingots  at  the 
present  time,  i.e.,  all  of  the  certified  scrap  can  be  used  (see 
the  scrap  balance  sheet  presented  above) 

Thus,  the  combination  of  remelting  and  refining  of  scrap 
permits  efficient  use  of  all  titanium  scrap  generated  at  both 
the  metallurgical  plants  and  by  consumers,  i.e.,  at  metalworking 
plants.  Although  the  amount  of  chips  removed  fro.  titanium  in¬ 
gots  in  the  roughing  process  is  decreasing  steadily  as  the  smelt¬ 
ing  technology  is  improved,  the  relative  quant:;  y  of  .  tps  in 
scrap  formed  at  metalworking  plants  that  produce  finished  products 
from  semifinished  titanium  products  is  considerable.  It  can  be 
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assumed  in  approximation  that  chips  make  up  30-40*  of  the  total 
quantity  of  titanium  scrap. 

For  practical  purposes,  compact  titanium  oxidizer  at  tempera¬ 
tures  above  55C-650°C.  However,  ingots  and  semifinished  products 
are  heated  several  times  to  950-1200°C  for  comparatively  short 
periods  in  oil-fired  or  electric  furnaces  without  protective  at¬ 
mospheres  before  they  are  pressworked.  During  this  process ,  two 
oxygen-saturated  layers  —  scale  and  the  deeper-lying  so-called 
alphized  layer  —  form  on' the  surfaces  of  the  ingots  and,  conse¬ 
quently,  on  the  scrap  obtained  from  them.  The  scale  is  composed 
for  the  most  part  of  titanium  dioxide  (rutile)  [64],  so  that  its 
oxygen  concentration  is  near  40*.  The  scale  is  usually  weakly 
bonded  to  the  metal  and  can  be  removed  from  it  mechanically.  The 
alphized  layer  is  a  superficial  oxygen-enriched  layer  of  metal. 

Its  oxygen  content  diminishes  with  increasing  depth.  American 
investigators  take  the  distance  at  which  the  hardness  of  the  metal 
has  increased  by  75  Brinell  units  as  the  depth  of  the  alphized 
layer. 
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The  depth  of  oxygen  penetration  into  cylindrical  specimens 
of  technical  titanium  and  the  alloys  Ti-4Al-4Mn  and  Ti-5Al-.’'.53n 
has  been  determined  by  mi cr chariness  measurements  [65].  During 
1  hour  at  980°C,  oxygen  penetrates  to  a  depth  of  0.25  am  ir.tc 
technical  titanium,  to  0.2  mm  into  the  alloy  Ti-4Al-4Mn,  and  to 
0.1  mm  into  Ti-5Al-2.5Sn. 
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Reference  [66]  submits  the  following  equation  Tor  the  death 
of  oxygen  penetration  into  the  alloy  Ti-5Al-2.5Sn  in  the  315-760 
range  (as  a  function  of  holding  time): 

X  -4.13  +  0.5 If/- - 
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It  has  been  established  that  forging  scrap  is  most  heavilv 
oxidized;  its  surface  carries  a  relatively  thick  layer  of  scale 
and,  beneath  that,  an  alphized  layer  whose  depth  may  range  from 
0.6  tc  2  nun  or  more  in  various  alloys,  depending  on  heating  time 
and  temperature.  Under  hot  working,  some  of  the  scale  is  dis¬ 
carded  with  the  scrap,  but  the  rest  of  it  is  pressed  into  the 
surface  layer  of  the  metal,  forming  oxygen-enriched  zones. 

Pressroom  scrap  is  only  lightly  scaled,  and  the  alphized- 
layer  depth  does  not  usually  exceed  0.5  mm.  In  some  cases,  how¬ 
ever,  this  scrap  is  contaminated  with  various  lubricants  used  in 
preosworkinr . 

Very  little  scale  is  found  on  scrap  from  rolling  (including 
sheet-rollir.g)  production,  and  the  depth  of  the  alphized  layer  is 
no  mere  than  0.1-0. 2  mm.  However,  this  scrap  has  a  comparatively 
large  specific  surface  area,  and  the  oxygen-concentration  increase 
resulting  from  surface-layer  oxidation  may  therefore  be  quite 
large. 

".ins  have  even  larger  specific  surface  areas.  Even  an  in- 
,■  L. leant  amount  of  surface  oxidation  (the  appearance  of  temper 
colors)  may  result  in  a  substantial  increase  in  the  oxygen  concen¬ 
tration  in  the  cnips.  Moreover,  chips  produced  during  machining 
^ f.iv.nut  ar»u  other  heavily  surface-oxidized  workpieces  may  con¬ 
sist  entirely  of  alphized  metal  and  have  extremely  high  oxygen 
concentrations  even  in  the  absence  of  temper  colors.  However, 
most  of  U»e  chips  arc  usually  formed  on  removal  of  deeper  layers 
of  r.etai  rather  than  the  surface  layers. 

Titanium  alloys  are  less  plastic  than  alloys  based  on  iron 
and  nickel.  As  a  result,  less  heat  is  generated  during  cutting 
of  titanium.  However,  the  average  temperature  in  the  deformed 
zone  is  higher  for  titanium  because  of  its  lower  thermal  conduc¬ 
tivity.  Other  conditions  the  same,  cutting  temperatures  were  as 
follows  at  a  cutting  speed  of  600  m/mln:  1500° C  for  titanium, 
1300tC  for  stainless  steel,  and  800ftC  for  ordinary  steel  [67L 
Thus,  conditions  promoting  oxidation  of  the  chips  are  created 
during  cutting  of  titanium. 
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However,  the  chips  do  not  oxidize  at  temperatures  below  300° C. 
A  tool-cooling  cutting  fluid  was  tested  as  a  means  to  reduce  chip 
oxidation.  This  did  in  fact  produce  an  unoxidized  chip,  but  the 
subsequent  operation  of  degreasing  was  greatly  complicated  [68]. 
Chip  oxidation  can  be  prevented  completely  or  in  part  by  feeding 
gaseous  C02  at  0-2° C  into  the  cutting  zone  [69].  If  the  chips  do 
not  oxidize  at  temperatures  beiow  300° C,  this  temperature  could 
evidently  be  maintained  by  feeding  compressed  air  into  the  cut¬ 
ting  zone;  this  would  be  much  cheaper  and  simpler  than  the  use  of 
carbon  dioxide. 

Below  we  present  oxygen  contents  in  the  superficial  alphized 
layers  of  scrap  from  various  alloys  and  the  depth  of  this  layer 
after  heating  of  large-section  workpieces  for  forging  and  stamp¬ 
ing  [13»  page  282]. 


Oxygen-content  increase 
in  alphized  layer. 

VT1 

OT4 

VTZ-1  VT5 

VT6 

VT8 

(cast) 

mg/ cm2 

2.8 

1.5 

2.5  4.2 

2.2 

7.3 

Total  depth  of  alphized 

layer,  mm 

0.8 

0.2 

0.6  2.0 

0.6 

O.S 

A  calculation  based  on  the  above  data  indicates  that,  for 
example,  block-shaped  forging  scrap  weighing  5  kg  or  sheet  cut¬ 
tings  of  technical  titanium  1  mm  thick  cannot  be  introduced  into 
the  ingot-smelting  charge  in  substantial  amounts  without  prelimi¬ 
nary  removal  of  the  alphized  layers. 

Collection  of  Scrap  and  its  Preparation  for  Refining 

Titanium  chips  can  be  classified  into  two  types  on  the  basis 
of  degree  of  oxidation:  a)  slightly  oxidized  silvery  scrap  (con¬ 
taining  less  than  0.2*  02>,  b)  yellow  oxidized  scrap  (containing 
0.20-0.30*  02),  and  c)  heavily  oxidized  brown  scrap  with  bluing 
(containing  0. 3-0.6*  02). 

As  compared  with  the  initial  metal,  chips  are  also  richer  in 
iron,  aluminum,  silicon,  and  carbon.  The  higher  contents  of  the 
first  three  elements  in  the  chips  result  from  its  contamination 
during  collection  and  storage.  Carbon  enters  the  chips  when  cut¬ 
ting  emulsions  are  used  and  when  the  chips  are  contaminated  by 
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olls.  In  addition,  the  chips  may  contain  fragments  from  the  car- 
Dide  tools  used  to  machine  the  metal.  The  chips  are  magnetic¬ 
ally  separated  to  remove  them.  So  that  the  cutting-tool  frag¬ 
ments  will  have  magnetic  properties,  titanium  ingots  must  be  cut 
with  hard-alloy  tools  containing  at  least  6#  Co.  Magnetic  sepa¬ 
ration  also  removes  the  iron,  some  of  which  is  acquired  as  a  re¬ 
sult  of  cutting-tool  wear.  Hydraulic  jigging  is  also  used  to 
remove  fragments  of  carbide  cutting  tools  from  titanium  chips. 

Tool  fragments  settle  to  the  bottom  of  a  water-filled  conical 
separator  through  which  air  is  passed;  the  sub  tantially  lighter 
titanium  chips  accumulate  at  the  top  of  the  separator  [142]. 

Other  mechanical  impurities  can  be  removed  by  appropriate  clean¬ 
ing  of  the  chips  prior  to  etching. 

Since  most  titanium  chips  are  produced  at  the  titanium-using 
plants,  it  is  very  important  to  prevent  intermixing  of  chips  from 
different  titanium  alloys  and  mixing  of  these  chips  with  chips  of 
other  metals.  This  is  accomplished  by  taking  appropriate  organi¬ 
zational-technical  measures. 

The  bulk  weight  of  curled  titanium  chips  is  about  0.1  kg/dm^, 
which  precludes  processing  it  in  uncrushed  form.  The  size  limit 
of  crushed  chips  is  determined  by  the  technology  of  its  subse¬ 
quent  utilization.  If  it  is  loaded  directly  into  arc-furnace 
hoopers,  the  chip  fragments  may  not  exceed  50-70  mm  in  length. 
Chips  introduced  into  charges  from  which  consumable  electrodes 
are  to  be  pressed  may  have  lengths  up  to  100  mm. 

Tests  of  Jaw  crushers  and  vibration  and  ball  mills  under 
production  conditions  indicated  that  they  are  unsuitable  for 
grinding  titanium  chips.  Pine  chips,  no  larger  than  40  mm,  are 
obtained  from  the  hammer  mill.  However,  this  overheats  the 
chips,  so  that  there  is  a  certain  amount  of  additional  oxidation. 

The  conventional  conical  chip  crusher,  which  produces  chips 
less  than  50  mm  in  length,  is  most  suitable  for  crushing  chips 
that  are  to  be  used  in  making  consumable  electrodes.  The  bulk 
weight  of  the  crushed  chips  is  0.5-0. 6  kg/dm^. 
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Chips  are  always  more  or  less  contaminated  by  oil  even  when 
they  are  formed  without  the  use  of  a  cutting  fluid.  The  dirty 
chips  are  washed  in  a  tank  with  hot  running  water  at  8o-90°C  and 
then  dried  in  hot-blast  driers  at  temperatures  no  higher  than 
200°C. 

Heavily  contaminated  chips  can  be  degreased  in  carbon  tetra¬ 
chloride,  which,  unlike  other  organic  solvents  such  as  gasoline 
or  dichloroethane,  is  nonin flammable. 

The  foreign  literature  recommends  tetrachloroethylene  for 
degreasing  of  metals.  Its  vapor  (boiling  point  121°C)  is  fed 
into  a  chamber  filled  with  the  material  to  be  cleaned.  Condens¬ 
ing  on  its  cold  surfaces,  the  tetrachloroethylene  washes  all  con¬ 
taminants  from  them  [70].  In  many  cases,  it  is  sufficient  to 
wash  the  chips  with  hot  water  or  treat  them  with  live  steam. 

After  degreasing  and  drying,  the  chips  are  passed  through 
a  magnetic  separator  and  then  screened.  The  screenings  represent 
a  few  percent  of  the  initial  mass  of  the  chips.  They  can  be  sent 
for  electrolytic  refining  or  used  to  make  ferrotitanium  master 
alloys . 

Preparation  of  lump  scrap  begins  with  grinding  to  dimensions 
determined  by  the  technology  of  subsequent  utilization.  The 
luq>8  of  metal  are  usually  forged  into  large  billets  about  40-50 
am  in  diameter  and  cut  into  lengths  of  about  150  mm  or  torch- 
cut  into  fragmonts  of  arbitrary  shape. 

Tests  of  various  methods  of  cutting  titanium  have  shown  that 
it  is  most  advantageous  to  use  an  automatically  fed  and  lubri¬ 
cated  band  saw  with  2*  teeth  per  decimeter.  The  speed  of  the 
saw  is  about  30  m/min  and  the  feed  13-20  mm/min  [71]. 

A  comparison  of  methods  used  in  cutting  large  pieces  of  ti¬ 
tanium  scrap  —  mechanical  and  oxyacetylone  — -  has  shown  that  on 
the  basis  of  labor  cost  and  wastage  of  metal,  oxyacetylene  cutting 
is  used  to  advantage  when  the  fragments  are  not  excessively  large. 
Mechanical  cutting  is  superior  for  large  pieces  of  scrap,  such  as 
rods  more  than  50  mm  in  diameter  [72]. 
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Oxyacetylene  cutting  of  scrap  is  a  simple  and  productive 
operation.  Although  the  surface  of  the  cut  is  severely  oxidized, 
the  alphized  layer  at  this  surface  is  comparatively  shallow  be¬ 
cause  of  the  high  cutting  speed.  The  zone  of  the  cut  must  be  re¬ 
moved  by  machining  or  some  other  method. 

From  the  standpoint  of  cutting  speed  and,  consequently,  de¬ 
duced  thickness  of  the  alphized  layer  that  is  formed,  oxygen  cut¬ 
ting  of  titanium  appears  to  merit  attention.  In  this  method, 
the  cut  is  begun  with  an  ordinary  flame  and  then,  when  the  metal 
in  the  cutting  zone  has  been  heated  to  high  temperature,  only 
oxygen  is  fed  into  the  torch.  Cutting  is  supported  by  the  heat 
of  the  exothermic  titanium  oxidation  reaction.  Sheets  of  tech¬ 
nical  titanium  and  the  alloy  T1-6A1-4V  5  mm  thick  could  be  cut  at 
4  m/min,  with  cut  widths  less  than  1  mm  [73].  Experiments  in  the 
plasma  cutting  of  titanium  have  been  started. 

Titanium  can  be  cut  with  a  friction  saw,  whose  disk  should 
be  made  from  a  steel  that  does  not  temper  [74]. 

Each  fragment  of  scrap  is  stamped  to  indicate  the  type  of 
alloy.  Fcrap  grades  are  controlled  by  qualitative  spectral 
analysis  in  which  the  chemical  composition  of  the  metal  fragment 
is  determined  with  a  steeloscope.  However,  quick  and  dependable 
determination  of  impurity  and  especially  gas  contents  in  scrap 
is  a  still  unsolved  problem.  Obviously,  indirect  methods,  such 
as  hardness  determination,  are  not  suitable  fra*  routine  quality- 
control  of  scrap.  Determination  of  gaseous-impurity  content  by 
spectral  analysis  appears  to  be  most  convenient.  Appropriate 
methods  should  be  developed  for  this  purpose. 

The  quality  of  chips  and  small  sheet  cuttings  is  evaluated 
by  taking  an  averaged  sample  from  the  consignment  and  melting  it 
into  a.,  ingot  for  subsequent  analysis.  However,  this  method  is 
excessively  slow,  complicated,  and  little  suited  for  large-scale 
routine  analyses. 

Attempts  are  being  made  to  evaluate  scrap  quality  indirectly 
by  statistical  calculations  based  on  the  increase  in  the  ultimate 
strength  of  ingots  smelted  using  scrap  of  a  given  grade  and  form 
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that  has  been  prepared  for  melting  by  a  certain  method.  It  may 
be  expected  that  the  use  of  theoretical  coefficients  obtained  in 
this  way  will  make  it  possible  to  use  certain  forms  of  scrap  in 
the  chnrge  without  quality  control  and  still  obtain  alloys  with 
mechanical  properties  that  conform  to  the  technical  specifications 
in  point. 

Another  problem  that  still  has  no  practical  solution  is  that 
of  finding  ways  to  enable  plants  that  smelt  titanium  and  titanium- 
alloy  Ingots  to  recycle  their  own  scrap.  Utilization  of  scrap 
generated  at  metal  cutting  plants  is  more  complex.  A  draft  class¬ 
ification  of  titanium  debris  and  industrial  scrap  was  elaborated 
during  the  preparation  of  a  State  Standard  for  titanium  and  titan¬ 
ium-alloy  scrap.  According  to  the  prevailing  technical  specifi¬ 
cations  ,  grade  1  scrap  can  be  returned  to  the  melt  after  degreas¬ 
ing  and  removal  of  mechanical  contaminants,  while  scale  and  the 
alphized  layer  must  be  removed  from  grade  2  scrap  before  recharg¬ 
ing  [13,  page  282]. 

Oxidized  chips  and  uncertified  scrap  are  sometimes  used  in¬ 
stead  of  ferrotitanium  in  ferrous  metallurgy,  but  this  Is  ir¬ 
rational.  Ferrotitanium  can  be  prepared  by  other,  cheaper 
methods,  while  titanium  scrap  can  be  regenerated  electrolytically. 
About  601  of  the  titanium  is  burned  off  when  titanium  scrap  is 
used  in  ferrous  metallurgy  [753-  Obviously,  organization  of 
ferrotitanium  emelting  from  unregenerated  uncertified  scrap  di¬ 
rectly  at  the  plants  producing  titanium  semifinished  products 
would  make  it  possible  to  utilize  this  scrap  with  incomparably 
greater  effectiveness. 

As  we  have  noted,  the  scale  layer  on  titanium  and  titanium 
alloys  is  weakly  bonded  to  the  surface  of  the  metal.  In  view  of 
this,  it  was  proposed  immediately  after  the  organization  of  in¬ 
dustrial  titanium  production  that  the  scale  be  removed  mechani¬ 
cally  from  titanium  ingots  and  semifinished  products.  Mastery  of 
such  methods  was  of  substantial  interest,  since  the  scale  formed 
on  titanium  at  temperatures  above  700-750° C  is  insoluble  in  most 
etchants  used  on  titanium. 
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Sand-blasting  itt  used  in  the  USA  to  clean  hot-  and  cold- 
rolled  annealed  titanium  strip.  Sand  consisting  of  particles 
about  0.4  mm  in  diameter  is  used  for  this  purpose;  it  is  blasted 
with  a  stream  of  air  under  a  pressure  of  about  8  kgf/mm2  [76]. 
Sand  blasting  causes  minute  S102  particles  to  penetrate  into 
the  surface  layer  of  the  metal  to  be  cleaned,  but  this  layer  is 
removed  on  subsequent  etching. 

Since  the  use  of  dry  sand-blasting  machines  is  prohibited  in 
the  IT«R  owing  to  the  harmful  effects  of  the  process  on  health, 
wet-sand  and  shot-peening  methods  have  been  tested  for  cleaning 
lump  titanium  scrap.  Wet-sand  cleaning  was  found  to  be  less  ef¬ 
ficient  than  shot-blasting  and  requires  use  of  cumbersome  equip¬ 
ment  for  regeneration  of  the  sand.  Later  experiments  therefore 
made  use  of  a  rotary-table  shot  slinger  with  the  following  char¬ 
acteristics:  chilled  iron  shot  0.2-3  nan  in  diameter,  rotor  speed 
2450  rev/min,  shot  velocity  80  m/sec  at  feed  rate  of  130  kg/min, 
width  of  shot  cone  at  nozzle  60  mm. 

The  experiments  showed  that  the  scale  can  easily  be  removed 
from  lump  3crap  by  this  method;  it  is  also  possible  to  take  part 
of  the  alphized  layer  with  it. 

2 

Plates  3-5  mm  thick  with  surface  areas  from  50  to  100  cm 

o 

were  used  to  determine  the  weight  loss  from  1  cm  of  surface  by 
specimens  of  0T4,  VT3-1,  and  VT5  alloys  that  were  processed  in 
this  unit.  The  OT4  specimens  had  an  oxidized  surface  after  hot 
rolling  and  had  been  held  for  1  hour  at  950° C.  The  plates  of 
VT3-1  alloy  were  heated  by  ordinary  forgir'»,  followed  by  planing 
and  holding  for  1  hour  in  an  electric  furnace  at  1150°C.  The 
loose  part  of  the  scale  was  removed  from  the  plates  of  0T4  and 
VT5  alloys  prior  to  the  shot-slinger  treatment.  The  test  results 
appear  in  Table  41. 

As  calculated  from  the  resulting  data,  the  depth  of  the 
layer  removed  by  shot  slinging  comes  to  about  0.07  mm  for  speci¬ 
mens  of  0T4  alloy  (with  an  alphi zed-layer  depth  of  about  0.15  mm), 
also  about  0.07  mm  for  the  specimens  of  alloy  VT3-1  (alphized 
layer  about  0.36  mm),  and  about  0.11  mm  for  VT5  (alphized  layer 
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TABLE  41 

Weight  Loss  of  Titanium-Alloy  Specimens  as  Function  of 
Process  Time  in  Shot  Slinger 
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about  1.75  mm).  It  appears  that  shot  slingi'.g  removes  only  the 
superficial  part  of  the  alphized  layer,  which  is  most  heavily 
saturated  with  oxygen  and,  consequently,  brittler.  The  deeper, 
softer  part  of  this  layer  is  probably  only  cold-hardened  by  the 
shot. 

Use  of  iron  shot  Increases  the  iron  content  in  the  surface 
layers  of  the  scrap  fragments  processed.  For  example,  it  rose 
fro*  0.15  to  0.19*  in  the  case  of  0T4  alloy.  The  experiments 
indicated  that  the  iron-containing  surface  layer  is  removed  dur¬ 
ing  subsequent  etching. 

A  rotating-drum  shot  slinger  should  be  used  to  process  lump 
titanium  scrap.  Tumbling,  also  removes  scale  from  lump  titanium 
scrap  [13,  page  282;  66].  The  lumps  of  scrap  themselves  act  33 
shot.  The  tustoling  operation  is  considerably  less  productive 
than  shot  slinging.  However,  it  does  not  require  complicated 
equipment . 

The  time  required  to  clean  scrap  in  the  tumbling  drum  depends 
on  the  speed  at  which  it  rotates  and  the  level  to  which  it  is 
filled.  Observations  indicate  that  tumbling  cleans  the  surfaces 
of  the  scrap  mainly  as  a  result  of  friction  of  one  fragment 
against  another  rather  than  by  knocking  them  together.  In  virtue 
of  the  simplicity  and  low  cost  of  the  tumbling  machines  and  the 
fact  that  it  is  unnecessary  to  watch  them  constantly ,  these  de¬ 
vices  luce  coming  into  use  on  a  steadily  increasing  scale  [13, 
page  282]. 
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If  necessary,  cuttings  from  hot-rolled  products  are  etched, 
followed  by  cutting  with  guillotine  shears  to  obtain  pieces  of 
the  size  .  ,*\!ired  for  introduction  into  the  consumable-electrode 
charge.  The  cut  trimmings  are  degreased. 

Trimmings  from  rolled  sheet  and  ribbon  are  generated  when 
the  etched  sheet  material  is  culled.  As  a  rule,  these  trimmings 
do  not  require  further  etching,  and  are  only  degreased.  Lump 
titanium  scrap  is  usually  not  degreased. 

It  has  been  suggested^ ihat  sheet  titanium  scrap  be  cut  with 
a  toothed  blade.  The  resulting  strips  are  then  bent  into  incom¬ 
plete  rings,  which  interlock  with  one  another  and  fragments  of 
sponge  during  subsequent  pressing  of  the  consumable  electrode. 

As  a  result,  the  mechanical  strength  of  the  electrode  —  by  com¬ 
parison  with  an  electrode  made  from  sponge  alone  —  is  lowered  to 
a  substantially  lesser  degree  than  when  flat  cuttings  are  intro¬ 
duced  into  the  consumable  electrode. 

The  bending  angle  of  the  stripe  depends  on  their  width  when 
sheet  scrap  0. 6-2.0  mm  thick  la  cut:  it  ie  1*5°  at  a  width  of  7  mm 
and  320°  at  a  width  of  2.4  mm.  The  minimum  permissible  strength 
of  the  consumable  electrode  is  reached  when  301  of  ordinary 
sheet  trimmings  are  introduced  into  it.  Use  of  the  ring-shaped 
trimmings  makes  it  possible  to  increase  the  trimming  content  in 
toe  electrode  to  50)1. 

itching  of  Scrip 

Many  etchants  have  been  suggested  for  cleaning  the  surfaces 
of  titanium  and  titanium-alloy  semifinished  products.  Those  used 
in  practice  can  be  broken  down  into  three  main  groups:  aqueous 
etchants,  melts,  and  compositions  for  electrolytic  etching. 

As  we  know,  titanium  dioxide  is  soluble  with  difficulty  in 
acids  and  alkalies.  Preliminary  removal  of  the  dioxide  from  the 
surface  of  the  scrap  by  shot  slinging  or  tumbling  makes  it  much 
easier  to  dissolve  the  alphlsed  layer. 

We  noted  ir.  Chapter  1  that  titanium  is  not  stable  in  hydro¬ 
fluoric,  phosphoric,  and  certain  other  acids.  Thus,  most  acid 
etchants  include  hydrofluoric  acid  or  a  fluoride,  which  are  the 
Footnote  (3)  Is  on  page  598. 
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most  readily  available  and  cheapest  materials  a3  compared  with 
the  other  acids  named  above.  Use  of  fluorides  is  cheaper  and 
more  convenient  than  U3e  of  the  acid  itself. 
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The  influence  of  oxygen  dissolved  in  the  titanium  on  etching 
rate  is  extremely  important.  It  was  established  in  [77]  that 
titanium  with  a  low  oxygen  content  (up  to  0.5?  02)  dissolves 
faster  in  6 f  HP  solution  than  titanium  containing  1?  02  in  12? 

HP  solution.  This  report  is  confirmed  by  [78]  and  by  practical 
data. 

Since  it  is  usually  necessary  to  cut  lump  scrap  with  an 
acetylene  torch,  the  cut  surface  is  found  to  be  oxidized.  It 
has  been  established  experimentally  that  this  oxide  layer  does 
not  come  off  in  aqueous  etchants.  Since  chips  are  not  as  heavily 
oxidized,  aqueous  etchants  can  be  specified  for  them.  However, 
the  same  etchant  —  pyrophosphoric  acid  —  was  originally  used 
for  both  lump  scrap  and  chips  in  order  to  standardize  etchant 
compositions  [68]. 

To  obtain  the  pyrophosphoric  acid,  grade  1  technical  ortho- 
phosphoric  acid  (70?  solution)  was  heated  until  boiling  stopped; 
this  occurs  at  about  200°C.  At  this  point,  most  of  the  ortho- 
phosphoric  acid  has  been  converted  to  pyrophosphoric.  Etching  In 
pure  pyrophosphoric  acid,  whose  preparation  involves  certain  lif- 

ficulties,  showed  no  advantages  over  etching  with  a  mixture  of 
(l* ) 

these  acids. 


holding  tln»,  a 

Figure  119.  Ha»a  loss  of 
titanium  chips  during  etch¬ 
ing  in  pyrophosphoric  acid 
at  220-240° C. 


Figure  119  shows  the  mass  los3 
of  titanium  chips  during  etching 
in  pyrophosphoric  acid  at  220- 
240°C  as  a  function  of  etching 
time.  It  was  established  that  the 
minimum  oxygen  content  in  the 
etched  chips  is  reached  at  a  2? 
mass  loss.  To  minimize  the  pho  - 
phate  content  in  the  etched  chips, 
they  must  be  washed  thoroughly 
after  etching  in  hot  3?  HC1  solu¬ 


tion  and  then  in  water. 


Font note  (4)  is  on  oaee  59 £ 
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Large  pieces  of  scrap  —  "crowns"  and  templates  —  were  also 
etched  in  pyrophosphoric  acid.  Since  they  are  of  the  3ame  diam¬ 
eter  as  the  ingot,  they  were  cut  into  pieces  with  an  acetylene 
torch.  The  surface  of  the  cut  was  cleaned  by  sand  blasting  for 
10  minutes  at  an  air  pressure  of  6  atmosphere,  and  the  scrap  frag¬ 
ments  were  then  etched  in  pyrophosphoric  acid  for  20-40  minutes 
at  220-240°C,  followed  by  washing  and  drying  in  the  3ame  way  as 
the  chips.  The  "crowns"  were  not  sand-blasted. 


After  pyrophosphoric-acid  etching,  chips  and  fragment  scrap 
acquire  a  characteristic  silvery  luster. 


Pyrophosphoric  acid  was  used  to  etch  titanium  scrap  on  an 
industrial  3cale.  Up  to  30*  of  chips  or  up  to  50*  of  lump  scrap 
was  introduced  into  the  consumable  electrodes  after  pyrophos¬ 
phoric-acid  treatment. 


•odiua fluoride  content, 
g/llter 

Figure  120.  Etching  losses 
of  metal  as  functions  of 
hydrochloric  acid  and  so¬ 
dium  fluoride  concentra¬ 
tions  (S. A.  Kushakevich, 
Ye.V.  Konstantinova,  Z.K. 
Yevseyeva).  1)  70*  HC1; 

2)  35*  HC1;  3)  17-5*  HC1; 
4)  7-0*  HC1. 


An  advantage  of  pyrophosphoric 
acid  is  its  high  activity,  which 
enables  it  to  remove  the  densest 
oxide  crusts  from  the  titanium 
surface.  However,  this  acid  also 
has  substantial  disadvantages  as 
an  etchant.  Chip  etching  requires 
only  a  few  seconds,  and  the  chips 
are  often  overetched  under  indus¬ 
trial  conditions  and  take  up  con¬ 
siderable  amounts  of  hydrogen. 
Substantial  amounts  of  acid  are 
required  to  etch  large  pieces  of 
scrap,  and  this  Increases  the  cost 
of  the  etching  operation  markedly 
at  the  high  cost  of  the  acid. 

Numerous  investigators  have 
studied  the  etching  of  titanium 
semifinished  products  that  have 
been  held  in  the  800-1000° C  tem¬ 
perature  range  for  certain  spans 
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of  time.  Solutions  of  mineral  aoids  —  HC1,  HgSO^,  HNO^  —  with 
fluoride  additives  —  CaFg,  page  ^76;  79]  —  were  used  as 

etchants.  It  was  found  in  tests  of  an  etchant  consisting  of  HC1 
and  NaP  that  etchant  activity  is  determined  not  only  by  hydro¬ 
chloric  acid  content,  but  also  by  the  NaP  content,  and  that  a 
certain  NaP  content  at  which  the  etching  effect  is  maximized 
corresponds  to  each  HC1  concentration.  A  further  increase  in  the 
NaP  concentration  reduces  the  solubility  of  the  metal  as  a  result 
of  formation  of  a  protective  film  on  it  (Fig.  120).  This  makes 
it  possible  to  lower  the  HC1  concentration  without  detriment  to 
the  etchant  effect. 

It  was  found  in  [78]  that  turbulizing  with  air  lowers  the 
etching  rate,  and  to  a  greater  degree  than  does  the  similar  use 
of  nitrogen.  The  cause  of  this  phenomenon  was  ascertained  in 
[80],  which  demonstrated  that  the  corrosion  of  titanium  is  in¬ 
hibited  substantially  as  the  concentration  of  Ti4+  ions  increases 
in  the  solution.  Ti3+  ions  are  formed  when  titanium  is  etched  in 
acids;  however,  if  Ti2+  ions  are  formed,  they  are  quickly  trans¬ 
formed  to  Ti3+  If  the  solution  contains  an  oxidizing  agent,  such 
as  dissolved  oxygen.  TiJ  ions  are  oxidized  to  Ti  comparatively 
slowly. 

Thus,  turbulizing  of  the  etching  solution  with  air  3hculd 
promote  the  oxidation  of  Tl3+  to  Ti<,+  ,  i.e.,  lower  the  etching 
rate;  this  has  been  confirmed  by  practical  data.  The  implica¬ 
tion  is  that  the  etching  solution  should  not  be  turbulized,  tut 
should  be  depleted  in  the  shortest  possible  time. 

A  shortcoming  of  etchants  containing  HgSO^  and  Ca?2  consists 
in  tha  low  solubility  (0.61)  of  the  Ca?2  in  the  acid,  as  a  result 
of  which  most  of  the  CaP2  remains  in  the  solid  phase.  As  etching 
progresses,  the  amount  of  this  phase  does  not  decrease,  since  the 
CaSOjj  that  is  formed  also  has  a  low  solubility. 

Reference  [68]  examined  the  possibility  of  etching  scrap  in 
a  solution  containing  12*  HC1  and  5*  NaF,  which  can  be  used  to 
treat  titanium  semifinished  products.  The  mass  loss  came  to  1.5* 
when  titanium  chips  were  etched  at  room  temperature  for  0.5  min. 
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The  same  mass  less  is  reached  in  3  minutes  in  a  less  concentrated 
etchant  —  5?  HOI  and  2%  NaF. 

An  etchant  consisting  of  hydrochloric  acid  and  NaF  does  not 
etch  oxidized  lump  scrap.  In  pilot-plant  tests  of  this  etchant, 
chips  were  loaded  into  a  copper  basket  in  10-15-kg  batches  and 
etched  in  a  rubberized  tank  at  room  temperature.  The  etching 
time  required  for  the  first  batches  of  chips  was  2  minutes;  it 
then  increased  to  3  minutes  and  reached  5  minutes  by  the  end  of 
the  process. 

The  mass  loss  of  the  chips  during  etching  under  industrial 
conditions  was  4-6*.  Attempts  to  lower  this  figure  were  unsuc¬ 
cessful,  since  some  of  the  chips  remained  unetched  when  the 
etching  time  was  shortened. 

An  etchant  consisting  of  sulfuric  acid  and  sodium  fluoride 
was  used  successfully  to  etch  tumbled  lump  scrap  and  chips. 

When  etchants  containing  the  fluoride  ion  are  used,  it  is 
necessary  to  detoxify  the  spent  solutions  to  reduce  their  fluo¬ 
rine  concentration  to  1.5  mg/llter. 

A  number  of  melts  whose  principal  component  is  sodium  hydrox¬ 
ide  have  been  proposed  as  etchants.  They  incorporate  additives 
that  inhibit  hydrogenation  of  the  titanium:  NaHg,  NaNO^,  NagCO^ 
[66,  31-333.  Use  of  a  mixture  of  NaOH  and  KOH  to  lower  etching 
temperature  was  suggested  in  [84],  although  it  would  appear  that 
this  would  increase  the  cost  of  the  etchant.  Alkali  baths  remove 
only  the  oxide  layer  and  do  not  affect  the  alphlzed  layer. 

The  high  process  temperature  (at  least  350-400°C)  requires 
heating  of  the  etching  baths  and  may  result  in  ignition  of  the 
material  being  processed;  it  also  complicates  the  etching  units 
and  makes  them  more  expensive  to  operate. 

However,  development  of  an  etchant  consisting  of  potassium 
salts  with  inhibitor  additives  has  been  reported;  its  working 
temperature  is  200-220°C.  It  removes  scale  from  semifinished  ti¬ 
tanium  products  rolled  or  annealed  at  temperatures  up  to  1040° C. 
Titanium  treated  in  this  etchant  undergoes  practically  no  hydro¬ 
genation  [138]. 
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Many  investigators,  including  the  author  of  [85],  have  made 
detailed  studies  of  the  absorption  of  hydrogen  by  titanium. 

It  is  assumed  that  hydrogen  diffuses  into  titanium  in  the 
atomic  form.  At  20°C,  the  solubility  of  hydrogen  is  0.002*  in 
o-titanium  and  0.0066*  in  6-titanium.  Not  only  the  solubility, 
but  also  the  diffusion  coefficient  of  hydrogen  increases  with 
rising  temperature;  a-titanium  absorbs  hydrogen  more  slowly  than 
B~titanium.  In  alloys  containing  B-Ti,  hydrogen  diffuses  rapidly 
into  the  interior  of  the  specimen. 

It  has  been  found  by  x-ray  structural  analysis  [86]  that 
brief  etching  of  titanium  at  room  temperature  results  in  forma¬ 
tion  of  the  coarse-grained  titanium  hydride  TiH.  Prolonged  expo¬ 
sure  to  the  acid  results  in  formation  of  the  fine-grained  hydride 
TiH^.  Both  hydrides  have  the  face-centered  cubic  lattice;  a  * 

-  4.38  £  for  TiH  and  a  -  H. ’-,6  l  for  TiH^. 


Figure  121.  Variation  of  hydrogen  content 
on  surface  of  VT1  titanium  sheets  as  a 
function  of  etching  time  and  temperature 
in  solution  of  hydrochloric  acid  and  so¬ 
dium  fluoride  (S.A.  Kushakevich,  T.V. 
Shikhaleyeva).*  -  x)analysis  of  (thick¬ 
ness)  centers  of  specimens  at  the  same 
temperatures . 


wnen  titanium  is  placed  in  the  acid,  the  superficial  oxide 
film  dissolves  first,  and  then  the  titanium;  some  of  the  hydrogen 
evolved  is  assimilated  by  the  titanium  with  formation  of  the 
hydride.  Subsequently,  the  newly  formed  hydride  and  the  metal 
dissolve  simultaneously;  equilibrium  is  established  between  the 
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rate  of  hydride  formation  and  the  rate  of  its  solution,  with  the 
result  that  the  hydride  film  grows  to  a  certain  thickness,  which 
then  remains  constant  [87]. 

S.A.  Kushakevich  and  T.V.  Shikhaleyeva  [1,  page  276]  reported 
that  the  hydrogen  concentrates  in  a  thin  surface  layer  (0.01- 
0.02  mm)  during  etching;  its  content  here  is  about  5  times  the 
content  deep  in  the  metal,  where  it  remains  unchanged  even  after 
very  long  etching  (Pig.  121). 

The  amount  of  hydrogen  absorbed  during  etching  of  titanium 
alloys  depends  on  the  amount  of  the  8-pha3e,  the  size  and  shape 
of  its  grains,  and  the  activity  of  the  etching  process.  Although 
appropriate  thermochemical  conditions  of  preetching  treatment  for 
alloys  containing  the  8-phase  cannot  eliminate  hydrogenation  com¬ 
pletely,  they  can  reduce  it  substantially.  Hydrogenation  of  o-  1 
alloys  and  those  similar  to  them  (0T4-1,  0T4,  VT4,  0T2,  and 
others)  during  etching  is  minor  [88].  The  presence  of  oxidizing 
agents  —  usually  nitric  acid  —  in  the  etching  solution  contrib¬ 
utes  to  this.  Other  compounds,  such  as  NaNOg  and  organic  acids, 
have  also  been  proposed  as  oxidants. 

Unlike  semifinished  products,  which  are  often  pressworked, 
the  scrap  is  sent  for  vacuum  remelting  and  the  hydrogen  is  com¬ 
pletely  or  substantially  eliminated  from  it.  Hydrogenation  re¬ 
sulting  from  etching  is  therefore  less  important  for  scrap  that 
it  is  for  semifinished  products. 

A  number  of  published  reports  deal  with  the  successful  U3e 
of  electrolytic  etching  in  an  aqueous  solution  containing  HP, 

HNO^,  HgSOjj,  and  an  iron  or  aluminum  sulfate  additive  for  treat¬ 
ment  of  oxidized  semifinished  products  [89].  An  advantage  of 
thi3  method  is  the  possibility  of  removing  the  scale  without 
etching  away  metal.  Electrolytic  etching  is  not  suitable  for 
processing  scrap,  since  it  requires  the  use  of  comparatively  ex¬ 
pensive  equipment  and  the  bath  must  be  loaded  with  material  hav¬ 
ing  a  certain  configuration. 

A  combination  of  etching  and  ultrasonic  processing  has  re¬ 
cently  been  reported  highly  effective  for  stainless  steel  [90, 
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91].  The  etching  tine  Is  sharply  reduced.  The  ultrasonic  trans- 
Hitters  are  attached  either  to  the  body  of  the  etching  tank  or  to 
a  water- filled  case  In  which  this  tank  Is  immersed.  Ultrasonic 
etching  obviously  merits  study  for  titanium*  since  titanium  is  a 
considerably  more  expensive  metal  t’:an  stainless  steel  and  the 
design  complication  of  the  etching  baths  for  titanium  may  be 
economically  justifiable. 

Melting  of  Scrap 

After  preparation  for  smiting,  the  scrap  is  Introduced  Into 
the  furnace  in  several  ways:  it  is  pressed,  sintered,  or  melted 
together  with  titanium  sponge  to  produce  a  consumable  electrode  or 
Introduced  directly  into  the  smiting  space  of  the  furnace. 

It  has  been  established  in  practice  that  up  to  30-35*  of 
chips  or  small  scrap  can  be  added  to  a  charge  of  titanium  sponge 
for  pressing  of  consumable  electrodes.  A a  we  noted  above,  trim¬ 
mings  cut  with  toothed  blades  can  be  introduced  into  the  charge 
in  amounts  up  to  50*.  Pressing  of  consumable  electrodes  contain¬ 
ing  scrap  requires  the  use  of  hydraulic  presses  with  large  load¬ 
ing  chasfeers  that  are  capable  of  generating  rather  high  specific 
pressures  in  the  vertical  and  horlsontal  directions.  Por  example, 
the  pressure  in  the  vertical  direction  reached  3000  tons  and  the 
horlsontal  pressure  1200  tons  when  consumable  electrodes  were 
pressed  with  up  to  30*  of  scrap  into  150  *  150  *  500-mm  blocks; 
the  bulk  weight  of  the  blocks  was  3 -5-3. 8  g/cm3.  The  blocks  were 
welded  with  titanium  wire  in  an  argon  atmosphere  to  produce  con¬ 
sumable  electrodes  of  the  necessary  length  [6]. 

Small  scrap  to  be  introduced  Into  consumable  electrodes  can 
be  pressed  separately.  In  this  case,  the  chip®  require  prelimi¬ 
nary  annealing,  an  operation  that  requires  much  time  and  work.  A 
specific  pressure  of  2.3  tons/cm2  is  required  to  press  chips  into 
briquettes  100  mm  In  diameter;  this  Is  2.5  times  the  specific 
pressure  needed  to  press  sponge  [92].  It  has  been  suggested  that 
unannealed  chips  be  pressed  after  adding  25-50*  of  sponge  to 
them.^ 

Footnote  (5)  1#  on  page  598. 
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Subsequently,  a  technology  was  developed  for  pressing  titan¬ 
ium  chips  into  briquettes  weighing  up  to  1.5  kg  without  introduc¬ 
tion  of  titanium  sponge  into  the  charge;  this  lowered  the  cost  of 
briquetting  and,  accordingly,  that  of  smelting  out  an  ingot  [933. 

The  pressed  briquettes  are  arranged  around  a  central  core 
produced  by  casting  or  sintering.  The  briquettes  are  welded  or 
strapped  to  the  core ^  Briquettes  made  with  appropriate  holes 
in  the  center  car.  also  be  dropped  on  over  the  core.^ 

There  are  a  number  of  proposals  for  consumable-electrode  de¬ 
signs  that  make  it  possible  to  Introduce  sheet  and  lump  scrap  into 
the  electrodes.  For  example,  it  has  been  proposed  that  sheet 
scrap  be  cut  up  into  squares  or  rectangles,  pressed,  and  welded 
together  with  longitudinal  vertical  strips  and  angle  pieces/®^ 
Sheets  can  also  be  cut  into  long  strips  whloh  are  used  to  weld  up 
an  electrode  base  whose  length  equals  that  of  the  electrode. 

Long  overlapping  pieces  of  scrap  are  laid  on  this  base,  bound 
with  titanium-strip  hoops,  and  secured  by  spot  welding.^  it  has 
also  been  suggested  that  the  core  of  the  consumable  electrodes  be 
made  from  briquetted  small  scrap,  which  is  loaded  into  boxes  with 
the  proper  cross-sectional  dimensions.  Long  pieces  of  scrap  strip 
are  wrapped  around  this  box  and  bound  together  with  titanium 
hoops. 

A  number  of  consumable-electrode  designs  provide  for  the  use 
of  a  sheet-titanium  shell  with  a  bottom  plate.  To  keep  the  sorap 
loaded  into  the  box  from  exerting  too  much  pressure  on  the  bottom 
plate,  several  sheet-metal  shelves  are  placed  at  various  heights 
inside  the  shell.  The  scrap  placed  in  the  shell  may  be  of  arbi¬ 
trary  shape. 

Another  proposal  calls  for  a  core  made  from  strips  or  rods. 
The  core  is  placed  inside  a  titanium-shea 1  shell,  and  the  free 
space  between  them  is  filled  with  small  sorap  —  chips,  filings, 
trlaadngs,  etc.^11^ 

Consumable  electrodes  containing  up  to  25-30)1  of  chips  can 
also  be  made  on  broaching  presses  by  loading  the  charge  into  the 
press  container  in  small  portions.  When  more  than  30$  of  chips 
Footnotes  (6),  (7),  (8),  (9),  (10)  and  (11)  are  on  page  598. 
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are  Introduced  into  the  electrode,  there  is  a  danger  that  it  will 
break  in  the  furnace  during  melting  as  a  result  of  loss  of  mechan¬ 
ical  strength. 

The  following  method  of  utilizing  scrap  is  proposed  in  a 
number  of  patents.' The  scrap  is  treated  with  hydrogen  for 
several  hours  under  a  pressure  of  about  0.5  atmg  at  550-800° C  to 
cause  the  metal  to  absorb  1-2#  (by  mass)  of  H2.  The  holding  time 
depends  on  the  amount  of  metal  in  the  charge  and  the  masses  of 
the  fragments.  The  hydrogenated  material  is  ground  up  in  conven¬ 
tional  crushers  until  fragment  size  does  not  exceed  12  mm. 

The  crushed  material  is  mixed  with  sponge  in  amounts  such 
that  the  content  of  secondary  metal  in  the  charge  will  not  exceed 
50#,  and  blocks  are  pressformed  and  welded  together  to  produce 
consumable  electrodes.  The  latter  contain  less  than  1#  H.,  when 
this  charging  procedure  is  followed.  If  such  an  electrode  is 
melted  in  an  arc  furnace  at  a  residual  pressure  below  1  mm  Hg, 
the  hydrogen  content  in  the  flrst-reraeltlng  ingot  will  not  exceed 
0.01#,  which  is  less  than  the  acceptable  content.  The  evolved 
hydrogen  takes  along  with  it  impurities  that  usually  concentrate 
at  the  wall  of  the  crystallizer  and  spoil  the  ingot’s  surface. 

It  is  mere fore  advisable  to  pump  the  arc  furnace  with  vacuum 
pumps  whose  operation  is  not  impaired  by  solid  particles  in  the 
exhausted  gas. 

It  follows  from  the  above  that  certain  difficulties  are  en¬ 
countered  in  the  fabrication  of  consumable  electrodes  that  con¬ 
tain  scrap.  Measures  that  make  it  possible  to  avoid  these  diffi¬ 
culties  have  therefore  gained  a  certain  currency  in  practice. 

One  such  measure  is  to  sinter  the  consumable  electrode  in  a 

steel  pipe  loaded  with  scrap  fragments  of  various  sizes,  the 

(13) 

spaces  between  which  are  filled  with  sponge.  -"Then  the  loaded 
pipe  is  held  in  a  vacuum  or  an  inert-gas  atmosphere  at  930- 
1060°C  or  in  an  ordinary  atmosphere  after  first  welding  it  shut 
at  both  ends.  Up  to  90#  of  the  mass  of  the  electrode  may  be 
composed  of  scrap  if  an  appropriate  variety  of  fragment  sizes 
is  selected  (the  rest  is  sponge). 

Footnotes  (12)  and  (13)  are  on  page  598. 
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The  steel  case  is  removed  from  the  electrode  r/ter  it  has 
been  sintered. 

Disadvantages  of  this  electrode-making  process  are  the  long 
sintering  time,  contamination  of  the  electrode  by  iron,  and  the 
need  to  Install  special  furnaces. 

Electrodes  can  also  be  sintered  in  ordinary  arc  furnaces 
with  nonconsumable  graphite  electrodes  (see  Chapter  20).  In 
this  case,  the  scrap  is  loaded  into  a  separate  hopper,  from  which 
a  feeder  conveys  it  to  the  graphite  electrode  in  a  certain  ratio 
with  sponge  [2,  21]. 

If  necessary,  the  consumable  electrode  may  consist  exclu¬ 
sively  of  lump  scrap.  After  treatment  to  remove  scale,  the  frag¬ 
ments  are  welded  together  in  an  inert  atmosphere  after  stacking 
them  in  such  a  way  that  the  electrode  obtained  from  them  will 
have  a  more  or  less  regular  geometric  shape  (Pig.  122).  The 
weld  seams  Joining  the  pieces  of  scrap  must  be  relatively  large 
in  cross  section,  since  '.he  electric  current  does  not  flow  through 
the  entire  cross  section  of  such  an  electrode,  but  preferentially 
through  the  weld  seams  [94]. 

It  has  also  been  proposed  that  the  consumable  electrode  be 
made  from  lump  scrap  fused  in  an  arc  furnace  with  a  horizontal 
crystallizer.  The  first  step  is  to  load  the  crystallizer  with 
the  lump  scrap.  The  crystallizer  is  then  moved  under  a  consumable 
electrode  to  melt  the  scrap  fragments/1^  Shortcomings  of  this 
method  include  the  complexity  of  the  process  and  the  impossibility 
of  making  large  consumaole  electrodes. 

Since  most  titanium  is  produced  in  the  form  of  twice-remelted 
ingots,  it  is  most  rational  to  introduce  the  scrap  into  the  first- 
remelting  ingot.  For  this  purpose,  the  furnace  is  fitted  with  a 
scrap  hopper  from  which  certain  amounts  of  scrap  are  fed  into  the 
molten-metal  pool  at  periodic  intervals.  It  has  been  established 
in  practice  that  when  the  charge  of  lump  scrap  represents  aoout 
30J{  of  the  pool  volume,  a  higher  gas  content  in  the  scrap  produces 
very  little  scatter  of  the  Ingot's  ultimate-strength  values  along 
its  height;  the  variations  are  no  greater  than  those  due  to  the 
Footnote  (14)  is  on  page  598. 
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composition  nonuniformltv  of  the  sponge. 

An  arc  furnace  adapted  for  intro¬ 
duction  of  scrap  into  the  pool  is  de¬ 
scribed  in  [2].  This  furnace  is 
equipped  with  two  batchers  from  which 
the  charge  is  fed  to  opposite  sides  of 
the  electrode  to  improve  the  composi¬ 
tion  homogeneity  of  the  ingot.  The 
batcher  is  an  airtight  drum  with  six¬ 
teen  sections,  fifteen  of  which  can 
be  loaded  with  fragments  of  charge  of 
varying  composition  and  dimensions. 

The  sections  are  unloaded  one  after 
another  througr.  a  hole  in  the  bottor. 
disk  of  the  drum,  dropping  into  a  chute 
that  sprinkles  the  charge  into  the 
crystallizer. 

However,  this  method  of  intro¬ 
ducing  lump  scrap  into  the  metal  pool 
involves  certain  inconveniences:  before 
loading  the  scrap  into  the  furnace,  it 
is  necessary  to  quench  the  arc  and 

Figure  122.  Consum-  raise  the  consumable  electrode,  and 

able  electrode  welded  “  ... 

up  from  lump  scrap.  this  lowers  furnace  productivity.  A 

new  furnace  design  in  which  the  consum¬ 
able  electrode  is  secured  to  the  crank  of  the  furnace’s  rotating 
electrode  holder  has  been  developed  to  eliminate  this  deficiency. 
The  scrap  is  fed  in  at  the  times  when  the  clearance  between  the 
electrode  and  the  crystallizer  wall  under  the  loading  chute  has 
been  increased  to  its  maximum  by  rotation  of  the  electrode  holder. 
As  a  result,  the  scrap  is  discharged  into  the  melting  space  with 
the  arc  burning.  To  simplify  the  design  of  the  current  supply, 
the  electrode  holder  is  rocked  through  an  angle  of  almost  360°, 
so  that  current  can  be  brought  to  it  by  means  of  flexible  bus¬ 
bars/1*^ _ _ 

Footnote  (15)  is  on  pages  598  and  599. 
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Since  it  is  necessary  to  deliver  the  scrap  lumps  into  the 
furnace-  via  a  feeder,  these  lumps  must  have  definite  shapes  ar.d 
sizes,  and  this  requires  not  only  preliminary  cutting,  but  also 
forcing  down.  Thus,  the  operation  of  introducing  the  scrap  into 
the  consumable  electrode  is  eliminated  at  the  cost  of  additional 
processing  of  the  scrap.  And  titanium  oxidizer  most  rapidly  under 
acetylene  cutting  and  forging  work. 

The  above  indicates  that  remelting  of  titanium  scrap  in  arc 
furnaces  with  a  crystallizer  involves  certain  difficulties  and 
inconveniences.  For  this  reason,  despite  the  substantial  pro¬ 
gress  that  has  been  made  in  improving  these  furnaces,  work  con¬ 
tinues  on  other  furnace  designs  —  crucible  and  melt-lined  fur¬ 
naces  . 

'J39  of  tnese  furnaces  might  substantially  increase  the  size 
of  the  molten-metal  pool  in  the  furnace,  and  this  would  make  it 
possible  to  load  it  with  scrap  of  any  form  in  substantial  masses, 
i.e.,  1*.  would  re  unnecessary  to  cut  and  forge  the  scrap. 

only  Induction-  or  arc-heated  furnaces  will  be  of  practical 
ir.t  ■ri'.u  in  view  of  the  high  melting  point  of  titanium. 

The  basic  difficulty  encountered  in  designing  an  induction 
furnace  for  smelting  titanium  consists  in  selection  of  the  cru¬ 
cible  material.  Study  of  the  interaction  of  various  carbon-con¬ 
taining  materials  with  molten  titanium  has  shown  [68,  page  3753 
that  even  the  use  of  compact  graphite  with  sealed  pores  does  not 
eliminate  carbonization  of  the  molten  metal. 

To  eliminate  carbonization  of  molten  titanium  in  a  graphite- 
crucible  induction  furnace,  it  has  been  proposed  that  a  magnetic 
field  be  set  up  in  the  furnace  to  force  the  liquid  metal  to  con¬ 
tract  away  from  the  crucible  walls.  A  tablet  of  titanium  was 
first  melted  onto  the  bottom  of  the  crucible.  About  2.5  Kg  of 
the  metal  were  melted  in  a  65-kW  furnace.  The  carbon  content  in 
the  ingots  rose  from  0.025  to  0.060$  as  a  result  of  melting  in 
the  more  successful  experiments  and  to  0.11-0.151  in  the  less 
successful  ones.  Carbonization  was  more  significant  in  ingots 
weighing  12  kg  [953-  It  was  later  reported  that  this  method  had 
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been  tested  successfully  in  smelting  of  titanium-alloy  scrap,  and 
had  produced  metal  suitable  for  many  engineering  purposes,  in¬ 
cluding  the  making  of  forgings  [96].  As  for  carbon-free  mate¬ 
rials,  early  reports  to  the  effect  that  Th02  and  Th01  5  and  even 
Zr02  were  stable  against  attack  by  molten  titanium  have  not  been 
confirmed  [68,  page  375;  97,  98]. 

It  has  been  reported^ *^that  titanium  scrap  can  be  refined  in 
induction  furnaces  with  crucibles  made  from  pastes  of  the  follow¬ 
ing  compositions,  in  J:  80  Th02,  10  YgOj,  10  Zr02»  85  Th02»  10 
Hf02,  5  Y2°3»  Sraphite  impregnated  with  a  melt  consisting  of  90* 

Th  +  10t  Hf  and  then  baked  out  at  temperatures  no  lower  than 
1650°C.  The  reliability  of  these  reports  is  doubtful. 

Work  is  being  dor.e  on  the  design  of  an  induction  furnace  with 
a  water-cooled  copper  crucible  [99,  100].  To  reduce  power  losses, 
the  crucible  is  divided  into  segments  that  are  electrically  in¬ 
sulated  from  one  another.  It  has  been  proposed  that  this  furnace 
be  used  for  continuous  smelting  of  titanium  scrap  and  pouring  of 
the  molten  metal  into  chill  molds.  Strong  electromagnetic  agita¬ 
tion  of  the  molten  metal  is  supposed  to  ensure  homogeneity  of 
composition  in  the  resulting  ingots.  It  is  advisable  to  use  a 
plasma  torch  to  apply  a  layer  of  nonconductive  refractory  mate¬ 
rial,  e.g.,  an.  oxide,  to  the  inner  surface  of  the  sectioned  cru¬ 
cible.  This  will  reduce  the  danger  of  current  flowing  through 
the  metal  from  one  segment  to  another  and  will  reduce  heat  losses 
considerably. 

Much  attention  has  recently  been  devoted  to  the  development 
of  arc-furnace  designs  for  melt-liner  smelting.  Furnaces  of  this 
type  have  large  molten-metal  pools,  and  this  makes  it  possible  to 
use  them  as  smelting  machines  in  the  production  of  fancy  titanium 
castings;  the  large  pool  makes  it  possible  to  load  lump  or  bri¬ 
quetted  scrap  without  going  through  the  stage  of  converting  it 
to  consumable  electrodes.  As  we  have  seen,  certain  difficulties 
are  still  encountered  in  the  preparation  of  consumable  electrodes 
in  spite  of  the  numerous  proposals. 

Footnote  (16)  is  on  page  599. 
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The  crucible  of  the  melt-lined  furnac  a  is  usually  made  of 
copper  and  lined  with  a  refractory  or  graphite.  As  a  result  of 
strong  cooling  of  the  crucible,  a  layer  of  solid  metal  —  a 
"floor"  —  forms  on  the  surface  of  the  lining  and  prevents  the 
molten  metal  from  coming  into  contact  and  reacting  with  it.  To 
improve  operating  safety,  the  crucible  is  cooled  with  helium  or 
water  run  through  an  external  coil. 

With  proper  adjustment  of  crucible  dimensions  to  furnace 
power,  molten  metal  may  make  up  about  80Z  of  the  total  amount  of 
metal  in  the  furnace.  This  makes  it  possible  to  smelt  titanium 
scrap  of  all  forms  in  furnaces  of  this  type  [26]. 

Nonconsumable  or  consumable  electrodes  may  be  used  in  smelt¬ 
ing.  The  consumable  electrode  is  made  as  large  as  possible  in 
diameter,  since  this  ensures  relatively  small  heat  losses  by 
radiation  from  the  pool  and  makes  the  pool  itself  larger  in 
volume  [4,  101].  The  arc  is  not  put  out  during  pouring  in  late 
models  of  these  furnaces.  Melt-lined  furnaces  have  smelting 
rates  of  3-6  kg/min  at  a  current  of  14  thousand  amperes,  and  the 
specific  power-  consumption  is  2.3  kW*h/kg  [102]. 

A  series  of  vacuum-arc  melt-lined  furnaces  have  been  de¬ 
veloped  for  intermittent  smelting  of  titanium  and  titanium  alloys 
in  crucibles  holding  up  to  4  tons  of  the  ready-to-pour  metal  [48]. 

Figure  123  diagrams  the  construction  of  one  melt-lined  arc 
furnace  for  smelting  titanium  scrap  [103].  The  stainless-3teel 
smelting  crucible,  which  is  about  900  mm  in  diameter  and  530  mm 
high,  holds  1050  kg  of  titanium,  of  which  225-400  kg  may  be  in 
the  molten  state.  The  molten-metal  capacity  of  the  crucible  is 
determined  by  the  thickness  of  the  melt  liner. 

An  argon  atmosphere  is  used  for  smelting.  The  first  loads 
of  material  are  consumed  in  building  up  the  melt  liner  in  the 
crucible.  During  the  course  of  smelting,  the  charge  containing 
titanium  scrap  is  fed  into  the  crucible  in  22-45-kg  portions 
through  a  charging  device  that  is  also  argon- filled.  The  furnace 
crucible  is  helium-cooled  for  safety. 
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Four  nonconsumable  tungsten 
electrodes  with  thoriated  caps  are 
used  to  melt  the  charge.  After 
melting,  a  vacuum  is  set  up  in  the 
furnace  to  degasify  the  molten 
metal. 

Since  tungsten  electrodes  tend 
to  break  in  a  vacuum,  they  are 
switched  off  during  this  period, 
during  which  melting  is  continued 
by  using  a  titanium  consumable  elec¬ 
trode  about  230  mm  in  diameter, 
which  is  mounted  centrally  in  the 
crucible.  The  fraction  of  metal 
produced  by  melting  of  the  consum¬ 
able  electrode  represents  about  10? 
of  the  total  mass  of  the  melt. 

An  auxiliary  tungsten  electrode 
is  used  to  melt  the  crust  of  metal 
in  the  crucible's  pouring  lip  Just 
before  the  metal  is  to  be  poured  into  the  mold;  it  then  serves  to 
heat  the  head  of  the  ingot  and  eli-.nate  pipe. 

During  smelting,  the  residual  pressure  in  the  furnace  is 
lowered  to  10~^  mm  Hg.  Ingots  weighing  up  to  180  kg  were  pro¬ 
duced  in  tests  of  the  furnace.  It  is  claimed  that  this  weight 
could  be  doubled. 

For  production  of  ingots  weighing  about  200  kg,  the  total 
smelting  time,  including  the  time  to  evacuate  the  furnace  before 
argon  filling,  runs  to  75-90  minutes.  The  smelting  cycle  is 
slightly  longer  for  larger  ingots-  Melt-liner  smelting  produces 
homogeneous  metal,  since  a  large  amount  of  metal  is  in  the  molten 
stage  at  any  given  time  and  is  also  being  vigorously  agitated. 

It  has  been  reported  that  the  firm  Remkru  (USA)  has  built  an 
experimental  melt-liner  furnace  with  a  capacity  of  900  kg  for  re- 
melting  titanium  scrap  in  large  pieces  [10i(]. 


Figure  123.  Vacuum-arc 
furnace  for  melt-liner 
smelting  of  titanium.  1) 
Furnace  shell:  2)  mold; 

3)  crucible;  4)  auxiliary 
electrode;  5)  consumable 
electrode;  6)  nonconsum¬ 
able  electrodes;  7)  bus 
to  rectifier:  8)  charging 
mechanism;  9)  charging 
ladle;  10)  vacuum  valves; 
11)  pipe  fitting  to  vac¬ 
uum  pump. 
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The  advantages  of  melt-lined  furnaces  include:  a)  composi¬ 
tion  uniformity  of  the  meta] ,  because  of  the  large  size  of  the 
molten  poolj  b)  purity  of  the  metal;  c)  the  possibility  of  re¬ 
melting  scrap  in  large  pieces;  d)  short  smelting  times. 

Since  melt-lined  furnaces  are  used  not  only  to  smelt  scrap, 
cut  also  in  installations  for  fancy  titanium  casting,  which  are 
coming  to  increasing  use,  much  attention  will  evidently  be  de¬ 
voted  to  improvement  of  the  designs  of  these  furnaces. 

It  is  efficient  to  deoxidize  the  metal  in  the  same  process 
in  which  it  is  smelted  with  scrap.  *e  indicated  above  that  press¬ 
working  of  titanium,  which  requires  heating  it  to  high  tempera¬ 
tures  ,  results  in  the  formation  of  an  oxygen-rich  surface  layer 
up  to  1  mm  thick  or  thicker.  At  the  same  time,  when  as  much  as 
50J5  of  scrap  may  be  returned  to  the  melt,  it  is  necessary  to 
eliminate  oxygen  from  lt  as  thoroughly  as  possible.  An  elementary 
calculation  shows  that  the  removal  of  a  one-mm-thick  layer  even 
from  a  comparatively  large  scrap  fragment  results  in  an  8—10% 
weight  loss  from  this  fragment.  Moreover,  this  substantial  waste 
of  metal  is  accompanied  by  heavy  consumption  of  etchants.  Hence 
the  great  importance  of  finding  ways  to  deoxidize  titanium  during 
smelting.  Attempts  to  eliminate  oxygen  by  holding  titanium  at 
1500-1600° C  and  a  residual  pressure  of  about  5  *  10  mm  Hg  have 
not  produced  the  desired  results  C 1053 • 

It  has  been  suggested  that  up  to  5%  Call7W  introduced  into 
the  consumable  electrode  to  purify  the  titanium.  However,  the 
calcium  oxide  that  forms  has  a  high  melting  point  (about  2500°C) 
and  is  not  volatile.  It  has  been  reported  that  a  metal  that  has 
a  stronger  affinity  to  oxygen  than  titanium  and  forms  a  volatile 
oxide  i3  being  used  for  this  purpose.  At  1500°C,  this  metal 
vaporizes  and  reduces  th<-  titanium  oxides  in  the  arc  zone;  the 
vapor  of  the  new  oxide  is  removed  from  the  furnace  by  evacuation. 
The  firm  Mallory-Sharon  uses  this  process  on  an  industrial  scale 
to  smelt  out  titanium  ingots  up  to  300  mm  in  diameter  [106].  The 
proposal  that  one  of  the  rare  metals  be  used  as  an  additive  is 
supported  by  reports  to  the  effect  that  titanium  and  other  high- 
meltlng  metals  can  be  deoxidized  by  thorium,  gadolinium  [107], 
Footnote  (17)  is  on  page  599. 
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and  even  mlsch  metal.  Mlsch  metal  would  appear  to  be  most  at¬ 
tractive  from  the  economic  standpoint,  since  it  is  relatively 
cheap  and  only  1-2*  need  be  added. 

Comparison  of  the  heats  of  formation  of  oxides,  calculated 
for  1  g-atom  of  oxygen  [68,  page  48l],  indicates  that  titanium 
could  be  deoxidized  by  cesium,  lanthanum,  neodymium,  or  praseo 
dymium,  i.e.,  by  precisely  those  rare-earth  metals  that  are  used 
to  make  misch  metal.  Exploratory  tests  have  indicated  that  t^e 
oxygen  content  in  titanium  can  be  lowered  by  inirouucing  zircor.- 
ium,  yttrium,  or  gadolinium  into  consumable  electrodes  as  dloxi- 
dizing  additives.  The  use  of  boron,  which  was  proposed  as  a  ti- 

/  iq ) 

tanium  deoxidizer,  gave  unsatisfactory  results  [108]. 

Ways  to  Reduce  Production  of  Scrap 

Inproved  utilization  of  titanium  scrap  requires  improvement 
of  the  technology  by  which  it  is  processed.  The  number  of  tech¬ 
nological  operations  must  be  reduced,  ingots  and  blanks  must  be 
heated  in  neutral  atmospheres,  and  rejection  rates  must  be  lowered. 
This  will  reduce  the  amount  of  scrap  that  is  generated  and  the 
extent  to  which  it  is  oxidized.  This  problem  merits  separate 
attention;  we  shall  limit  ourselves  here  to  only  a  few  examples 
that  indicate  the  scope  of  the  possibilities  open  in  this  direc¬ 
tion. 

The  firm  ICI  (Great  Britain)  has  stopped  roughing  titanium 
ingots,  with  the  result  that  the  amount  of  scrap  produced  has 
been  cut  by  5-6*  [58].  Curtiss-Wrlght  presses  certain  jet-engine 
parts  directly  from  titanium-alloy  Ingots,  bypassing  the  forging 
operation.  This  gives  a  substantially  lower  reject  rate,  and 
costs  are  cut  25-40*  [109]. 

Higher  useful-product  yields  than  those  cited  above  have 
also  been  reported  in  the  manufacture  of  titanium  products,  e.g., 
53#  (of  ingot  mass)  for  aircraft  parts  made  from  titanium  sheet. 
Waste  is  produced  in  the  following  forms:  initial  material  9*> 
blank  trimmings  15*,  stamped-shoet  trimmings  21#,  small  scrap 
2*  [110]. 

Footnotes  (18)  and  (19)  are  on  page  599. 
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Development  of  technology  and  equipment  for  working  titanium 
and  its  alloys  at  elevated  temperatures  in  Inert  atmospheres  and 
in  vacuum  is  highly  important  from  the  standpoint  of  producing 
substantially  less  scrap.  For  example,  hydrocarbon  vapors  have 
been  proposed  as  protective  atmospheres  /  20 ^ When  a  specimen  of 
technical  titanium  (0.025$  Og)  was  heated  for  30  min  at  800°C  in 
butane  vapor  and  then  held  for  1  hour  at  850°C  in  air,  the 
oxidized-layer  thickness  was  0.1  mm,  as  against  0.35  ran  for  an 
untreated  specimen.  The  oxidized-layer  thicknesses  were  0.1  and 
1.0  mm,  respectively,  for  specimens  of  Ti8Mn  alloy.  The  protec¬ 
tive  effect  is  explained  by  the  formation  of  a  thin  layer  of 
titanium  carbide  on  the  surfaces  of  the  specimens.  Recipes  have 
also  been  suggested  for  protective  coatings  —  e.g.,  salts  that 
form  a  vitreous  coating  on  heating  to  800°C  [111,  112].  Accord¬ 
ing  to  [113],  coating  the  ingot  with  an  acid  aluminosilicate 
wrapper  before  heating  lowers  the  hydrogen  and  oxygen  contents 
in  the  titanium  by  a  factor  of  3-1*.  The  Ingots  arc  rolled  to¬ 
gether  with  the  protective  coating,  which  is  then  etched  off  in 
an  alkali  bath. 

Use  of  these  wrappers  not  only  protects  the  ingot  from  oxida¬ 
tion,  but  also  retards  its  cooling  during  pressworking.  Practi¬ 
cal  experience  indicates  that  the  use  of  wrappers  lowers  rejec¬ 
tion  rates  and  simplifies  the  design  of  the  heating  furnaces. 

By  way  of  controlling  titanium-ingot  oxidation  during  heat¬ 
ing,  it  has  been  proposed  21  \hat  they  be  coated  prior  to  forging 
with  a  0.005-0.025  icm  thickness  of  electrolytic  nickel,  on  which 
a  layer  of  chromium  0.005-0.010  mm  thick  is  overlaid. 

Development  of  secondary  titanium  alloys  (and  fields  for 
applying  them),  not  only  in  the  form  of  semifinished  pressworked 
products,  but  also  in  the  form  of  fancy  castings,  the  manufac¬ 
turing  technology  of  which  is  continuously  being  improved,  is 
highly  promising  [114]. 

Footnotes  (20)  and  (21)  are  on  page  599. 
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Footnotes 


^For  brevity,  we  shall  use  the  term  "titanium"  in  the 
present  section  to  imply  both  titanium  and  titanium- 
based  alloys. 

2 

Henceforth  in  this  chapter,  the  term  "scrap"  will 
refer  to  certified  scrap* 

^Patent  (USA)  Mo.  2,891*286,  1959. 

*Fbr  brevity,  we  shall  henceforth  refer  to  a  melt  con¬ 
sisting  of  a  mixture  of  pyrophosphorlc  and  orthophos- 
phorlc  acids  simply  as  pyrophosphorlc  acid. 

^Patent  (USA)  No.  2,837,773,  1958. 

^Patent  (British)  No.  786,525,  1957. 

^Patent  (USA)  No.  2,843,921,  1957. 

^Patent  (USA)  No.  2,792,621,  1957. 

^Patent  (USA)  No.  2,886,883,  1959. 

10Patent  (USA)  No.  2,818,672,  1959. 

nPatent  (USA)  No.  2,867,895,  1959}  No.  2,893,113,  1959. 

12Patent  (British)  No.  900,216,  1962;  patent  (USA)  No. 
2,992,094;  patent  (West  German)  No.  1,131,894,  1962. 

^Patent  (USA)  No.  2,753,262,  1956. 

^Qlasunov,  S.G.  et  al.  Author's  certificate  (USSR)  No. 
108,448,  1958. 

^Il'ichev,  N.V.  et  al.  Author's  certificate  (USSR)  No. 
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111,102,  1957;  Glazunov,  S.G.  et  al.  Author's  certifi¬ 
cate  (USSR)  No.  122,226,  1959. 
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Patent  (USA)  No.  3,079,451,  1963- 
17Patent  (USA)  No.  2,819,158,  1958. 

^Patent  (West  German)  No.  1,030,036,  1958.  Patent  (USA) 
No.  2,997,219,  1961. 

^Patent  (West  German)  No.  1,081,237,  1961. 

20Patent  (USA)  No.  2,865,797,  1958. 

21Patent  (USA)  No.  2,900,715,  1959. 
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Chapter  22 


FUNDAMENTALS  OF  TITANIUM  POWDER  METALLURGY 

Titanium  powder  produced  by  the  hydride-calcium  and  calcio- 
thermlc  methods  is  the  most  suitable  material  for  powder  metal¬ 
lurgy,  and  is  now  acquiring  steadily  increasing  importance. 

As  we  know,  titanium  is  used  in  the  compositions  of  many 
complex  multicomponent  alloys  for  various  applications.  These 
alloys  are  usually  produced  by  vacuum  smelting  or,  much  more 
rarely,  by  smelting  in  inert-gas  atmospheres.  In  view  of  the 
difficulty  of  finding  crucible  materials  that  might  be  used  in 
smelting,  such  complex  techniques  a3  floating-charge  smelting, 
arc  smelting  in  a  water-cooled  copper  crystallizer,  and  even 
submerged-arc  smelting  are  currently  in  use. 

These  smelting  methods  produce  metal  with  a  minimum  of  con¬ 
tamination,  but  it  is  difficult  to  use  them  to  obtain  alloys  with 
uniform  composition.  For  example,  in  attempts  to  produce  high 
titanium-copper  alloys,  the  basic  mass  of  the  titanium  powder 
floats  to  th-s  surface  of  the  molten  copper  [115].  Moreover,  a 
substantial  amount  of  the  metal  is  wasted  In  roughing  the  result¬ 
ing  ingots. 

Powder  metallurgy  makes  it  possible  to  obtain  homogeneous 
metallic  alloys  of  a  given  composition  from  an  extremely  wide 
variety  of  components  in  a  broad  range  of  component  proportions. 
There  is  practically  no  wastage  of  metal  during  the  conversion 

FTD-HC-23-352-69 

600 


4 


♦ 


4 


* 


from  powder  to  the  pressformed  blank. 

In  addition  to  the  hydride-calcium  and  calciothermic  proc¬ 
esses  used  to  make  titanium  powder,  we  might  mention  hydrogena¬ 
tion  of  the  compact  metal  with  subsequent  crushing  and  vacuum 
evaporation  of  the  hydrogen,  fused  metal  spraying,  fusion  elec¬ 
trolysis,  and  deposition  of  the  powder  from  the  gaseous  phase. 

The  last  two  methods,  and  especially  the  combined-oxide  reduction 
process  [116,  1173  are  also  at  the  same  time  useful  in  tne  pro¬ 
duction  of  titanium-based  alloys  in  powder  form. 

The  powders  must  have  certain  grain  sizes  in  order  to  mini¬ 
mize  porosity  in  the  products.  It  may  be  assumed  in  first  ap¬ 
proximation  that  powder  grain  sizes  should  not  exceed  0.6  mm  for 
normal  working  conditions  [118]. 

The  London  lion  and  Steel  Institute  reports  [119]  that  blanks 
made  from  metal  produced  by  the  hydride-calcium  method  are  of  con¬ 
siderably  better  quality  than  blanks  made  from  coarser  magnesio- 
thermic  metal. 

The  process  of  making  finished  products  from  titanium  and 
titanium  alloys  consists  of  pressing  and  sintering  of  the  powders. 

There  are  currently  three  basic  methods  of  pressing:  hot 
pressing  in  graphite  molds,  cold  pressing  with  various  types  of 
hydraulic  and  mechanical  presses,  and  hydrostatic  pressing  at 
normal  temperatures  or  isostatic  pressing  for  high  temperatures. 

The  conviction  that  large  billets  of  material  could  not  be 
produced  by  powder  metallurgy  prevailed  for  a  long  time  [120- 
123].  This  impression  had  been  gained  in  work  with  ordinary 
cold  hydraulic  presses,  where  pressing  of  large  billets  produced 
briquettes  with  vertical  and  sectional  density  nonuniformity,  so 
that  the  molds  were  distorted  even  to  the  point  of  cracking  during 
sintering. 

As  long  ago  as  1955*  however,  the  American  firm  Brat  reported 
that  it  had  found  a  hot-pressing  technique  by  which  rather  large 
shaped  titanium  and  titanium-alloy  workpieces  could  be  made.  They 
weighed  up  to  50  kg  and  had  diameters  up  to  228  mm  [124].  The 
hydrostatic-pressing  method  proposed  by  Skaupy  [1253*  which  can 
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be  used  to  produce  very  large  blanks  (100-250  l:g  and  more)  with 
uniform  density  in  all  sections,  has  recently  been  adapted  and 
introduced  into  the  industry  on  a  broad  scale.  The  elaboration 
of  this  method  that  made  its  industrial  use  possible  in  the  USSR 
is  due  to  B. A.  Borck  et  al.  [126].  The  essentials  of  the  method 
are  as  follows:  the  metal  powders  are  tamped  into  a  waterproof, 
plastic  (e.g.,  rubber)  shell  of  the  desired  3hape  and  subjected 
to  three-dimensional  hydrostatic  compression  in  special  liquid- 
or  gas-filled  presses.  Figure  12l(  presents  a  schematic  drawing 
of  one  such  press.  It  consists  of  a  thick-walled  cylinder  2, 
which  is  made  frcmalloy  steel,  with  cover  4  and  high-pressure 
pump  1.  The  cover  has  an  arrangement  for  suspending  the  piece  6 
to  be  pressed  and  an  air  valve  5-  The  cylinder  is  filled  with 
water  or  oil.  The  system  pressure  generated  by  pump  1  i3  moni¬ 
tored  at  manometer  3< 


Figure  124.  Diagram  of  Figure  125.  Extrusion 

hydrostatic  pressing  container. 

machine. 

To  impart  a  definite  shape  to  the  pressed  blanks,  a  rubber 
bag  filled  with  the  powder  is  enclosed  in  a  rigid  perforated 
frame  or  sleeve  of  the  appropriate  shape  and  pressed.  Figure 
125  shows  one  device  used  for  pressing  cylindrical  blanks. 

This  figures  shows  the  ruL.ur  bag  1,  which  is  placed  in  the 
perforated  metallic  sleeve  2.  Caps  3  are  placed  over  the  ends 
of  the  sleeve  and  secured  with  elastic  bands  4. 

In  all  press  types,  the  pressure  applied  depends  on  many 
conditions.  Most  important  among  these  are  the  grain  size  of  the 
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powder,  its  component  proportions,  and  the  size  of  the  blanks. 

It  may  be  assumed  as  a  point  of  departure  that  a  pressure  of  500- 
1000  kgf/om  is  sufficient  for  pressing  pure  titanium;  the  pres¬ 
sures  for  powder  mixtures  are  adapted  for  each  specific  case. 
Normal  linear  shrinkage  for  hydrostatic  pressing  of  hydride-cal¬ 
cium  titanium  is  about  ^0*. 


The^pressed  blanks  are  sintered  at  a  residual  pressure  of 
10  ^—10  mm  Hg.  A  hard  vacuum  is  provided  with  two  objectives: 
the  most  thorough  possible  removal  of  such  Impurities  as  hydrogen 


and  magnesium  from  the  titanium  and  protection  of  the  metal  from 
oxygen  and  nitrogen.  Many  sets  of  conditions  for  sintering  pure 
titanium  and  its  alloys  have  been  proposed.  Kroll  [127]  used  a 
stepped  sintering  process:  first  in  a  vacuum,  and  then  in  argon. 
Dear,  states  that  16  hours  of  sintering  in  a  vacuum  at  950-1000°C 
is  sufficient  for  30-mesh  powders  [118].  Sintering  for  5-6  hours 
at  1400-1^50°C  should  be  regarded  as  the  optimum  for  pure  titan¬ 
ium.  The  residual  porosity  in  the  blank  after  such  sintering 
does  not  usually  exceed  2-3*. 


As  a  rule,  the  sintering  temperatures  for  titaniun-based 
alloys  must  constitute  about  80*  of  the  alloy's  melting  point. 

Below  we  list  optimum  temperatures  for  sintering  certain 
titanium-based  alloys  in  °C  [128]: 


TIHi+Cr  .  .  .  I*»  TiH,+C»  .  .  .  IU» 

TlHj  +  Mo  ...  1300  TIHj-f-ft  ...  1100 
TU^  +  W  ...  i*»  TiH,  +  NI  ...  1000 
TIH.  +  MS  .  .  .  1200. 

If  sintering  is  done  at  the  above  optimum  temperatures,  the 
disagreement  between  the  measured  and  theoretical  densities  of 
the  resulting  alloy  specimens  does  not  exceed  ±0.15*.  It  is  re¬ 
ported  in  published  papers  of  the  London  Iron  and  Steel  Institute 
that  the  optimum  temperature  for  production  of  Ti-Cr  and  Ti-Mo 
alloys  is  1300°C  and  that  the  sintering  time  Is  8  hours.  These 
conditions  produce  blanks  with  a  residual  porosity  <2.0*. 

Many  different  furnace  designs  are  used  to  sinter  powdered 
materials . 
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The  blank  6  to  be  sintered  is  placed  on  graphite  table  7, 
which  rests  on  the  set  of  firebrick  supports  8.  Shield  9  is 
placed  between  the  blank  and  tha  outer  tube. 

The  quartz  tube  is  hoisted  out  for  loading  of  the  blank. 

Then  the  supports  are  installed  and  the  hoist  is  again  used  to 
lower  the  blank.  The  top  end  of  the  blank  is  covered  with  a 
graphite  shield.  After  Insertion  of  the  blank,  the  shield, 
outer  quartz  tube,  and  cover  are  mounted.  The  pump  is  then 
switched  on,  followed  by  the  heating  system  when  the  desired 
vacuum  has  been  reached.  After  sintering,  the  reverse  sequence 
of  operations  is  carried  out.  This  furnace  can  be  used  success¬ 
fully  for  sintering  up  to  a  temperature  of  2500°C.  It  may  be 
assumed  that  forging  of  the  finished  pieces  is  required  after 
sintering  in  almost  all  cases . 

Recently,  much  work  has  been  done  on  the  production  of  ti¬ 
tanium  sheet,  ribbon,  and  foil  by  direct  rolling  of  powders  [132, 
1333- 

Titanium  and  its  alloys  are  used  in  powder  metallurgy  not 
only  for  the  production  of  compact  billets,  sheets,  ribbons,  and 
foils,  but  also  to  produce  various  filtering  elements  with  pre¬ 
determined  porosities  and  products  that  contain  various  passages 
and  internal  cavities.  In  the  latter  case,  appropriate  templates 
made  from  materials  that  evaporate  during  sintering  are  laid  into 
the  titanium  powders  before  pressing.  Methods  have  been  devised 
for  hardening  of  titanium  products  by  introduction  of  various 
disperse  components,  such  as  Tl^Si^,  molybdenum  fibers,  etc.  into 
the  titanium  powder^ ^[13^ 3*  In  the  latter  case,  the  strength  of 
the  sintered  titanium  is  increased  by  a  factor  of  1.35  over  that 
of  the  pure  metal. 

In  addition  to  titanium  and  its  alloys,  many  titanium  com¬ 
pounds  (TIC,  TiOj,  TIN)  are  prepared  by  powder-metallurgical 
methods,  both  pure  and  in  compositions  with  other  materials  * 
[135,  1363.  These  compounds  are  used  in  rocket  and  aircraft  en¬ 
gineering,  as  well  as  in  radio  electronics. 

Footnotes  (1)  and  (2)  are  on  page  607 . 
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Chapter  23 

BASIC  METHODS  OF  ELECTROLYSIS  AND 
PREPARATION  OF  THE  STARTING  MATERIALS 


and  atq 


Technical-economic  calculations  indicate  that  electrolytic 
methods  can  be  more  economical  for  production  of  titanium  than 
the  metallothermic  methods  currently  in  use.  For  this  reason, 
research  on  the  electrolytic  production  of  titanium  is  being 
expanded  steadily. 

At  the  present  writing,  electrolytic  titanium-producing 
methods  are  emerging  from  the  stage  of  scaled-up  laboratory  ex¬ 
periments.  Pilot-plant  and  even" industrial-scale  electrolyzer 
designs  are  being  tested.  However,  industrial  use  or  electro¬ 
lytic  methods  for  production  of  titanium  is  docked  by  major  dif¬ 
ficulties  encountered  in  the  development  of  electrolysis  tech¬ 
nology  and  especially  in  attempts  to  find  highly  p* uuuv >. j. vc , 
economical,  and  operationally  reliable  elect;- ;.yser  designs. 

The  broad  scope  of  research  on  titanium  electrolysis  and  the 
unr-emitting  search  for  new  electrolyzer  designs  give  reason  to 
hope  that  the  electrolytic  process  for  production  and  refining  of 
the  metal  will  come  to  occupy  one  of  the  dominant  positions  in 
titanium  metallurgy. 

Certain  Electrical  Properties  of  Titanium  and  Its  Compounds 

Titanium  has  four  valance  electrons:  two  ^s  and  two  3d. 

Table  !J2  gives  the  inner-orbit  structures,  ionization  potentials. 
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•The  ionic  radii  are  given  for  a  coordination  number 
of  6. 


Various  sources  give  figures  from  47.5  to  54.0  uft’cm  for  the 
resistivity  of  titanium  at  0°C.  Figure  127  shows  the  temperature 
curve  of  the  resistivity  of  pure  (99*5?)  titanium.  On  the  basis 
of  resistivity  and  its  temperature  dependence,  titanium  would  be 
classified  as  a  metallic  conductor.  Many  impurities  increase  the 
resistivity  of  titanium,  although  they  do  30  to  a  relatively 
minor  degree.  For  example,  [2],  the  resistivity  increase  Ap/A 
expressed  in  ufi-cm  (where  A  is  the  atomic  percentage  of  the  im¬ 
purity)  is  1.3  for  niobium,  1.3  for  zirconium,  and  12  for  alumi¬ 
num. 


The  question  as  to  the  type  of 
conductivity  and  resistivity  exhib¬ 
ited  by  a  number  of  titanium  systems 
and  compounds  used  as  materials  for 
soluble  anodes  is  an  interesting  one. 

Numerous  studies  have  shown  that 


most  nonmetallic  inclusions  exist  in 


Figure  127-  Temperature  the  monatomic  form  in  transitional 
curves  of  resistivity  p 

and  thermal  conductivity  metals.  On  the  basis  of  many  propsr- 

a  of  pure  titanium.  ties  the  titanium-hydrogen,  titan¬ 

ium-nitrogen,  and  titanium-carbon 
systems,  a  number  of  investigators  [3-73  take  the  view  that 
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hydrogen,  nitrogen,  ana  carbon  form  interstitial  phases  in  titan¬ 
ium,  phases  in  which  the  nonmetallic  inclusions  form  metallic 
bonds,  I.e.,  yield  some  of  their  valence  electrons  to  the  d-shell 
of  the  titanium.  Thus,  these  elements  exist  as  positively  charged 
particles  in  the  crystal  lcu«,i ct.  vX, dot 3  not  electrons 

to  the  d-shell,  but,  on  the  contrary,  shifts  part  of  the  electron 
cloud  toward  itself  and  appears  to  exist  as  an  anion.  Silicon 
should  form  covalent  bonds  preferentially  with  titanium,  and  the 
system  may  be  nonconductive  at  a  certain  silicon  content  in  the 
titanium. 

mu.  k»4«eMeM.4>4  4S!»4i«. 
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The  hydrogen- titanium  system  h'3  been  studied  only  in  the 

PCI  Ti.  » k...  -U  -;ri 

j.  v  j  •  ~ ^  ;:as  veu*  suvbu  uy 

to  1#  (atomic)  of  H2  causes  no  marked  change  in  the  electrical 
conductivity  of  titanium.  The  titanium-nitrogen  system  ha?  been 
studied  by  various  authors  [8,  93*  Introduction  of  nitrogen  into 
titanium  has  no  narked  effect  on  its  resistivity.  According  to 
O.V.  Samsonov  [9],  titanium  nitride  has  a  resistivity  of  86.5 
pQ«cm  at  25<>C  and  a  temperature  coefficient  of  resistivity  of 
0.375#/deg.  The  resistivity  of  titanium  carbide  is  59.5  uO'cm 
and  ita  temperature  coefficient  1-521/deg. 

The  relationships  in  the  titanium-oxygen  system  are  consider¬ 
ably  more  complex-  at  moderate  oxygen  contents,  the  25"C  resis¬ 
tivity  of  the  metal  rises  by  12  yQ*cra  for  each  atomic  percent  of 
oxygen  [2].  Tit&ju.  ..  monoxide  has  a  resistivity  of  0.4C5  T  1" 
riAi  »>.  nil  •  Ti has  a  resistivity  of  23*3 

55- Cm  ^xuj.  nuuvuvw.%  vO  *2  3  *  * 

iJ*cm,  but  this  figure  becomes  smaller  with  rising  temperature, 
reaching  4.35  •  10 


.-2 


R*cm  at  700® C.  The  figures  given  in  [113 


»re  «an»what-  on  the  high  side. 


Verwey’s  data  [12]  are  available 
for  resistivity  in  the  titanium-oxygen  system:  T102  10  ; 

Ti01.995  10*0J  Ti0l. 995  1,25;  Ti°1.75  10”2  n'cm‘ 

At  the  stoichiometric  composition,  which  corresponds  to  the 
formula  Ti02,  and  at  normal  temperatures,  titanium  dioxide  does 
not  conduct  electricity.  An  oxygen  deficiency  creates  electronic 
conductivity,  which  increases  with  temperature  [133* 
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The  natural  explanation  for  the  resistivity  changes  in  the 
titanium-oxygen  system  as  functions  of  component  proportions 
would  be  that  increasing  numbers  of  electrons  leave  the  conduc¬ 
tion  band  to  supply  oxygen  anions  as  the  oxygen  saturation  of 
the  system  increases,  thus  causing  the  resistivity  of  the  system 
to  increase. 


At  moderate  silicon  contents  (up  to  10-15*) >  the  titanium- 
silicon  system  is  a  rather  good  conductor  of  electricity;  at 
higher  silicon  contents,  system  resistivity  increases  rapidly 
and  it  becomes  a  virtual  nonconductor. 


Almost  no  quantitative  study  has  bear,  devoted  to  the  conduc¬ 
tivity  of  titanium  chlorides.  The  proportion  of  covalent  bonds 
increases  and,  consequently,  conductivity  declines  in  the  series 
TiCl,  •*  TiCi,  -*  TiOljj.  TiClg  crystallizes  in  a  Cdl2»type  lattice, 
and  TiCi3  intone  of  the  Aslg  type.  Both  salts  exhibit  xonic  con¬ 
ductivity  preferentially.  TiCi),  has  a  tetrahedral  structure  with 
zero  electrical  conductivity.  In  the  825-900°C  temperature  range, 
the  conductivity  of  KgTiFg  varies  from  2.!|80  to  3*350  fl  1*cm  . 

Electrolysis  .n  Aqueous  and  Organic  Media 

Equilibrium  potentials  of  titanium  in  aqueous  solutions  are 
given  in  Table  43. 

TABLE  *3 

Equilibrium  Potentials  of  Titanium  in  Aqueous  Solutions 


potential,  V 
acc.  to 
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On  the  basis  of  these  potential  values,  we  might  conclude 
that  it  is  almost  totally  impossible  to  produce  titanium  by 
electrolysis  of  aqueous  solutions.  Nevertheless,  a  great  deal 
of  research  is  being  doS'O  on  this  subject. 

The  first  unsuccessful  attempt  to  electrolyse  titanium  chlo¬ 
rides  was  made  by  Becquere!  [16],  Junot  [17]  also  took  tnis 
approach  without  success.  Knecht  [18]  showed  that  titanium  chlo¬ 
rides  are  reduced  only  as  far  as  the  bivalent  state.  Electroly¬ 
sis  of  titanium  sulfates  in  the  presence  of  hydrogen  peroxide 
[19-22]  produces  lower  titanium  oxides.  Electrolysis  of  titan¬ 
ium  hydroxide  in  sodium  hydroxide  solution  also  yields  only  thin 
films  of  the  lower  oxides/1^  N.Q.  Kudryavtsev  produced  only  thin 
films  of  titanium  (3-4  pm)  at  the  cathode  in  alkaline  and  acidic 
solutions  [24].  Electrolysis  of  an  acidic  solution  of  titanium 
trichloride  with  a  mercury  cathode  gives  similar  results  [27,  28]. 

Experiments  in  the  electrolysis  of  titanium  salts  dissolved 

ro'. 

ir.  their  own  water  of  crystallization'- and  in  the  presence  o*  sur- 
factantsvj;gave  unsatisfactory  results. 

The  entire  body  of  experiments  that  have  been  carried  out  up 
co  the  present  time  confirms  the  practical  impossibility  of  pro¬ 
ducing  titanium  by  electrolysis  of  aqueous  media. 

Use  of  organic  media  for  the  production  of  metals  by  elec¬ 
trolysis  attracted  the  attention  of  researchers  long  ago  [29]. 

It  was  assumed  that  pure  metallic  deposits  could  be  obtained  in 
oxygen- free  or  reducing  atmospheres.  It  is  acknowledged  that 
the  selection  of  organic  media  is  severely  limited  from  the  stand¬ 
point  of  their  electrical  conductivities. 

Research  has  been  done  using  organic  solvents  that  are  liquid 
at  normal  temperatures  and  with  fused  organic  substances.  Proc¬ 
esses  with  insoluble  and  soluble  anodes  have  been  studied. 

In  the  former  case,  representatives  of  almost  all  organic- 
compound  classes  were  tested  as  electrolytes  (usually  for  elec¬ 
trolysis  of  titanium  chlorides):  hydrocarbons,  halogenated  hydro¬ 
carbons,  alcohols,  ethers,  ketones,  acids,  amines,  amides,  salts 
of  organic  acids,  and  others  [303-  However,  all  attempts  to 
Footnotes  (1),  (2)  and  (3)  are  on  page  636, 
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electrolyze  titanium  in  these  atmospheres  failed  because  of  the 
very  low  solubility  or  total  insolubility  of  titanium  chlorides 
in  them,  or  because  the  organic  media  themselves  underwent  pre¬ 


ferential  electrolysis,  or  because  the  system  was  not 


VAW\/ Vt  AC  ai“ 


In  a  iVufnhHT*  nT  nfl n r GJ'JTSniC 


dl2ed  and  polymerized  on  the  anode,  and  this  resulted  in  the  for¬ 
mation  of  electrically  nonconductive  gums. 


Several  studies  have  been  devoted  to  the  electrolysis  of 
titanium  borohydrides  [30],  again  without  success. 


Interesting  experiments  on  the  -electrolysis  of  titanium  com¬ 
pounds  in  aqueous  solutions  of  sulfanllic  acid  [25]  and  titanium 
tartrate  [22,  26]  resulted  in  the  formation  of  cathodic  films 
less  than  a  micron  thick.  Somewhat  better  results  were  obtained 

/  in 

from  electrolysis  of  water-and- formalin  solutions  of  TiOp. 

Recently  prepared  organotitenium  compounds  dissolve  poorly  in 
ordinary  solvents •  almost  all  of  them  are  covalent  and  can  hardly 
be  used  for  electrolysis. 


On  the  whole,  it  can  be  stated  that  electrolysis  of  liquid 
organic  compounds  involves  major  difficulties  and  has  not  yet 
given  hopeful  results. 

Other  media  tested  for  electrolysis  have  included  &  number  of 
fused  organic-acid  salts  and  fused  amines  that  exhibit  rather  good 
electrical  conducitivy.  Tne  compounds  electrolyzed  were  TiCl^  or 
soluble  anodes  containing  titanium  compounds.  The  results  were 
not  encouraging.  It  was  shown  in  [32]  that,  even  though  TiCljj 
does  react  with  esters  of  monofunctional  acids  to  form  compounds 
of  the  type  TiCl^-E  that  dissociate  in  melts,  only  TiCl^  is  ob¬ 
tained  at  the  cathode  when  such  melts  are  electrolyzed. 

Electrolysis  of  fused  organic  media  requires  further  research, 
because  organic  melts  have  a  number  of  advantages  over  inorganic 
ones,  primarily  in  their  lower  melting  points. 

Electrolysis  In  Fused  Inorgenlc  Media 

At  the  present  time,  titanium  is  produced  most  successfully 
by  electrolysis  of  fused  inorganic  media.  The  electrolysis  can 
Footnote  (i{)  is  on  page  636. 
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be  carried  out  using  insoluble  or  soluble  anodes.  Melts  con¬ 
taining  titanium  oxides,  chlorides,  and  fluorides  have  been  in¬ 
vestigated  on  a  broad  scale  in  insoluble-anode  work.  Various 
compounds  and  alloys  of  titanium  are  used  as  soluble  anodes. 

Theoretical  analysis  and  experimental  data  [ 33-36 f -^indi¬ 
cate  that  electrolysis  in  fused  salts  of  oxygen-containing  acids, 
in  fused  alkalies,  oxides,  and  many  other  melts  cannot  produce 
pure  titanium.  The  selection  of  fused  media  is  limited  chiefly 
to  metal  halides.  However,  not  even  all  of  these  are  suitable 
for  electrolysis.  Thus,  metals  of  the  4th  and  later  groups  of 
the  periodic  system  arc,  as  a  rule,  much  more  electropositive 
than  titanium;  many  of  their  halides  are  thermally  unstable  or 
exhibit  low  electrical  conductivity  [37,  38].  The  combination 
of  properties  found  in  the  chlorides  and  fluorides  of  alkali- 
and  alkaline-earth  metals  renders  them  most  suitable  for  the 
present  purpose. 

/  £\ 

NaCl  [39,  ftO],  KC1,  or  various  mixtures,  usually  of  eutec- 
tic  composition,  are  usually  used  in  electrolysis  of  titanium 
chlorides:  NaCl-KCl,  NaCl-LiCl,  KCl-LiCi,  NaCi-MgCIg,  Nad-K2Ti  , 
NaCl~KCl-AlCi3,  NaCl-KCl-CaClg,  NaCi-KCl-MgCl2 ,  KCl-MgClg-CaF,, 
NaCl-KCl-BaCl2  [33,  35,  41-453.^  Tne  multicomponent  systems  are 
used  to  lower  the  electrolysis  temperature  or  increase  the  solu¬ 
bility  of  the  titanium  chlorides  in  th<  melt,  but  they  are  seldom 
justified. 

Electrolytes  used  in  the  electrolysis  of  K2TiF g  are  NaCl, 
KCl-LiCl ,  NaCl-KCl  [34,  35,  46,  47];  those  used  in  electrolyzing 
titanium  oxides  include  NaCl,  CaCl3,  and  NaCl-CaCl2»  NaCl-K^TiFc 
[48-51],  NaCl-CaCl2-BaCl2  [52]  and  CaCl2-CaO; B  soluble-anode  work 
is  done  with  NaCl,  NaCl-KCl,  NaCl-SrCl2  [53-58];9>potassium  and 
lithium  chlorides,  potassium,  sodium,  and  magnesium ^hlorides , 
sodium  and  barious  chlorides,  and  NaCl-K2TiFg  [59]. 

The  assortment  of  salts  used  as  electrolyte  components  in  ti¬ 
tanium  electrolysis  is  determined  by  a  number  of  their  properua.ee. 
An  important  one  is  the  ability  of  the  salts  to  dissolve  the  cor¬ 
responding  titanium  compounds.  The  solubility  of  titanium 
Footnotes  (5),  (6),  (7),  (8),  (9)  and  (10)  are  on  page  636. 
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Table  45  lists  the  conductivities  of  cental: 
the  electrolytic  production  of  titanium  [38]. 

The  familiar  Poincare  equation 

v  -pJi+12l 
?+1 


Salto  uo tf d  in 


given 

x-ray 


can  be  used  to  determine  the  electrical  conduct! vities  of  two- 
component  mixtures  in  cases  approaching  ideal  solubility;  here 
n  and  q  are  the  percentages  (by  mass)  of  the  salts,  which  have 
conductivities  of  Xj  and  x2»  respectively. 

At  system-component  proportions  corresponding  to  the  forma¬ 
tion  of  solid  phases  in  the  form  of  chemical  compounds,  the  elec¬ 
trical  conductivity  of  the  melt  will  be  quite  far  below  the  values 
computed  by  this  equation. 

The  -t  thoroughly  studied  systems  including  titanium  com¬ 
pounds  are  chloride  systems.  However,  much  remain^  unclear  even 
concerning  these  systems.  Little  study  ha3  been  devoted  to  salt 
systems  containing  lower  titanium  chlorides  in  the  presence  of 
TiCljj  in  the  gaseous  atmosphere.  The  presence  of  ?i  in  four  oxi¬ 
dation  stages  (TiCl,  TiCl2,  TlCl^,  TiCl^)  is  responsible  for  a 
series  of  primary  redox  reactions,  3ome  of  which  have  been  evalu¬ 
ated  thermodynamically  [69].  It  has  been  established  that  when 
TiClj.  reacts  with  titanium  dichloride  and  titanium,  the  relative 

amount  of  titanium  chloride  in  the  melt 
j  |  increases  substantially  [69,  72,  73]. 

Studies  have  been  Dubiished  or.  the  fol- 
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Figure  128.  Phase 
diagram  of  KCl-TiCl, 
system.  J 


lowing  systems:  sodium  chloride-titanium 
trichloride,  potassium  chloride-titanium 
trichloride,  sodium  chloride-potassium 
chloride-titanium  trichloride,  potassium 
chloride-titanium  dichloride,  sodium 
chloride-titanium  dichloride,  magnesium 
chloride-titanium  dichloride,  and  lithium 
chloride-potassium  chloride-titanium  tri¬ 
chloride,  and  systems  consisting  of  chlo¬ 
rides  of  sodium,  potassium  and  bi-  and 
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quadrivalent  titanium,  titanium  metal  and  sodium,  strontium,  and 
other  chlorides  [42,  6 1—6 7 .  72 j. 

Complete  fusibility  curves  Tor  the  first  two  systems  "ere 
given  in  Fig.  55  (see  page  333).  They  have  been  confirmed  by 
x~ray  structural,  microscopic,  and  analytical  study.  The  fusi¬ 
bility  curve  of  the  it&Ci-?iCi0  system  has  a  peritectlc  at  26% 

J 

(molecular)  of  TlCl^  and  553°C  and  a  eutectic  at  405»  (molecular) 
of  Ti Cl ^  and  4 6 2 0 C .  The  existence  of  the  incongr uently  melting 
compound  Na^TiClg  may  be  regarded  as  proven. 

As  we  see  from  Fig.  128.  the  KCl-TiCl,  system  presents  the 
compound  K0TlCl,r  melting  at  78 3°C.  a  eutectic  at  155  (mol.)  TiCi„ 
melting  at  6&26C,  a  peritectlc  at  405  (mol.)  TiCl^  melting  at 
605°C,  and  a  second  eutectic  at  505  (mol.)  TiCl^  melting  at  535°C* 


Figure  129.  .base  diagram  of  KCl-NaCl-TiCl, 
system. 

M.V.  Kamenetskiy  [66]  also  investigated  these  two  systems, 
obtaining  data  in  close  agrefment  with  the  above.  M.V.  Kamenet¬ 
skiy  also  studied  the  KCl-NaCl-TiCl^  system  (Fig.  129)  A  melt 
consisting  of  the  chlorides  of  sodium  (405),  potassium  (485),  and 
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titanium  [12*  (mol.)]  has  the  lowest  melting  point  in  this  system- 
590° C. 

_  _  Figures  38,  56,  and  130  present 

rao _ j  phase  diagrams  for  the  NaCl-TiCl^, 

jJgSg_, _ 1/  MgClg-TiClg.  and  KCl-TiCl^  systems. 
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Figure  130.  Phase 

diagram  of  KCl-TiCl-  Interest  attaches  to  certain  data 

system.  *  .... 

on  the  sodium  chloride-potassium  chlo¬ 
ride-titanium  dichloride- titanium  tri¬ 
chloride-titanium  systems  and  the  sodium  chloride-strontium  chlo¬ 
ride-titanium  dichlorida-t Itanium  trichloride-titanium  systems, 
which  closely  resemble  those  with  which  researchers  deal  in  most 
cases  [63,  64,  67,  72].  The  systems  were  prepared  by  different 
methods.  The  former  was  obtained  by  passing  a  mixture  of  argon 
and  titanium  tetrachloride  into  a  melt  containing  metallic  titan¬ 
ium,  and  the  latter  by  electrolytic  reduction  of  titanium  tetra¬ 
chloride  in  a  catholyte  consisting  of  30dium  and  strontium  chlo¬ 
rides  (using  an  aiundum  diaphragm). 

The  system  formed  by  sodium,  potassium,  and  titanium  chlo¬ 
rides  and  metallic  titanium  has  been  studied  for  the  most  part  at 
700°C.  Holding  times  ranging  from  1  to  625  hours  were  used  to 
bring  the  system  to  equilibrium.  It  was  shown  that  the  equilib¬ 
rium  content  of  titanium  dichloride  at  a  molar  ratio  NaCl/KCl  * 

“  1*0  is  87-91*  of  the  total  chloride  content,  which  was  varied 
between  i.83  and  8.54*  (by  mass).  Approximately  equivalent  re¬ 
sults  were  obtained  in  another  study  [72]. 

The  second  system  was  Investigated  in  the  650-850°C  tempera¬ 
ture  range  with  titanium  chloride  concentrations  from  1  to  5*. 

It  was  shown  that  the  amount  of  titanium  dichloride  in  an  equi¬ 
molar  mixture  of  sodium  and  strontium  chlorides  represents  81- 
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0 4;f  (by  mass)  of  the  total  titnaium  chloride  content. 

The  systems  are  three-phased,  consist  of  four  components,  and 
therefore  have  three  degrees  of  freedom;  accordingly,  their  equi¬ 
libria  must  depend  on  component  Droportlons  at  constant  tempera¬ 
ture  and  pressure.  It  has  in  fact  beer,  found  that  as  the  molar 
ratio  NaCl0/SrClo  is  varied  from  m - 0  to  0.25,  the  titanium  di¬ 
chloride  convent  varies  from  78  to  93*  (by  mass).  Despite  the 
comparatively  low  total  titanium  content  in  the  systems,  they  are 
not  ideal. 

The  equilibrium  constant  of  the  reaction 

3TiCi,  H  2TK3*  +  Ti 
jr 

("no*  (2) 

diminishes  slightly  with  increasing  total  titanium  content.  In 

_p 

[67],  K  was  found  equal  to  2  •  IQ  in  fused  sodium  chloride  at 
850°C. 

The  exothermic  nature  of  thi3  reaction  has  been  confirmed 
experimentally  [64], 

The  system  consisting  of  60S  lithium  chloride  ar.d  40J{  potas¬ 
sium  chloride  has  been  investigated  in  consinderable  detail  with 
5  to  12J  of  titanium  trichloride  dissolved  in  it  [42].  The  cool¬ 
ing  curves  of  this  system  have  a  plateau  at  3**3°C  for  all  concen¬ 
trations. 

The  system  decomposes  above  460°C,  forming  two  immiscible 
layers,  one  of  which  has  a  higher  trichloride  content  than  the 
other. 

One  general  remark  is  in  order  concerning  the  chloride  sys¬ 
tems,  which  are  far  from  being  the  only  ones  to  which  it  applies. 
At  the  critical  ratio  between  the  titanium  and  chlorine  ionic 
radii,  bi-  and  quadrivalent  titanium  ions  may  form  complexes  with 
coordination  numbers  of  4  and  6,  respectively  [74].  This  explains 
a  number  of  factors  attesting  to  the  existence  of  complexes  of 
the  [TiClj,]-2  and  [TiClg]-3  types  in  the  melts.  On  the  one  hand, 
formation  of  such  complexes  helps  increase  the  solubility  of 
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titanium  in  the  melt?,  which  is  beneficial  for  electrolysis;  on 
the  other  hand,  these  complexes  increase  the  resistivity  and  vis¬ 
cosity  of  the  melts  and  result  in  poorer  conditions  for  the  forma¬ 
tion  of  large,  high-quality  titanium  deposits  on  the  cathode. 

It  must  be  remembered  in  selecting  systems  for  electrolysis 
that  the  stability  of  these  complexes  depends,  other  conditions 
the  same,  on  the  electrostatic  properties  inherent  to  the  ions 
of  the  metals  whose  chlorides  are  used  as  solvents  for  the  ti¬ 
tanium  chlorides.  The  higher  the  ratio  between  the  charge  and 
radius  of  this  cation,  the  greater  is  its  ability  to  defeat  the 
titanium  in  its  effort  to  attract  chlorine  ions  and  form  struc¬ 
tural  units  with  a  definite  coordination  number.  For  example, 
sodium  and  potassium  ions  have  equal  charges,  but  the  radius  of 
the  sodium  ion  is  smaller  and,  consequently,  it  attracts  chlorine 
lon3  electrostatically  with  greater  force.  As  a  result,  it  is 
extremely  difficult  for  the  [TiClfi]~^  complex  to  exist  in  tne  ti¬ 
tanium  tetrachloride-sodium  chloride  system;  on  the  other  hand, 
this  complex  exists  and  is  quite  stable  in  the  potassium  chlcride- 
titanium  tetrachloride  system.  The  existence  of  complexes  has 
been  established  in  the  sodium  chloride-titanium  dichlorlde  sys¬ 
tem,  but  not  in  the  magnesium  chloride-titanium  aicnioride  system. 

The  above  considerations  are  a  basis  for  rational  selection 
of  salt  systems  for  electrolysis. 

Complexlng  is  especially  important  for  the  quadrivalent  ti¬ 
tanium  ion,  which  has  a  very  low  solubility  in  fused  alkali  and 
alkaline-earth  chlorides.  L.A.  Tslovkina  and  M,V.  Smirnov  [75] 
found  the  following  solubilities  for  titanium  tetrachloride  in 
fused  alkali-metal  chlorides  at  700°C:  '\-0.0l4*  in  lithium  chlo¬ 
ride,  0 . 356  in  a  mixture  of  sodium  and  potassium  chlorides  (1:1), 
and  1.26  in  potassium  chloride  (by  mass).  When  the  fluoride  ion, 
which  has  a  considerably  smaller  radius  than  the  chlorine  ion,  is 
added  to  the  melt,  the  stability  of  the  titanium  complex  ions  is 
enhanced.  Thus,  it  was  established  in  this  study  that  addition 
of  fluorides  to  the  melt  sharply  increases  the  solubility  of  ti¬ 
tanium  tetrachloride.  For  example,  the  addition  of  15*  (by  mass) 
of  NaF  to  an  equimolar  melt  of  sodium  and  potassium  chlorides 
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increases  the  solubility  of  titanium  tetrachloride  to  3.1ij>  (by 
mass).  It  was  shown  that  the  change  in  the  thermodynamic  poten¬ 
tial  of  the  reaction  in  the  melt 

(TiCI,)’-  +  6F*  (TiFj*-  +  6a- 
equals  -32.2  kcal/mole. 

TABLE 

Decomposition  Voltage  of  Salts 


_  1 
o  *«»p.  Deco*po«ition| 
S»lt  *c  voltsge  V  ] 


477 

744 

8S0 

700 

*00* 

S20M 


Temp.  ^Decomposition 
*C  voltage  V 


1  ib.1, 

I  T-/"l 

J  lM9 


T 

I  soo 


1.41 

!.*— i,* 

4.40 

1,06 

»,40 

1.69 


•In  fused  KC1. 

••In  fused  CaCl2- 

F.M.  Kolcmitakiy-^-^tuaied  the  K^TiFg-NaCl  system.  It  was 
shown  that  this  system  has  a  eutectic  at  6^t  (by  mass)  of  potas¬ 
sium  hexafluorotitanate  with  a  melting  point  of  530°C. 

Titanium  dlcr.ide  is  readily  soluble  in  chloride-fluoride 
systems,  probably  as  a  result  of  the  formation  of  oxyfluoride 
complexes. 

The  decomposition  voltages  of  certain  individual  salts  are 
given  In  Table  ^6  [38]. 

The  decomposition  voltages  of  these  salt3  decrease  with 
rising  temperature. 

A  certain  amount  of  data  has  been  obtained  on  the  equili¬ 
brium  potentials  of  titanium  and  its  common  alloy  components  in 
fused  chlorides  [65,  763- 

M.V.,  Smirnov  and  N.A.  Loginov  measured  the  equilibrium  po¬ 
tentials  of  titanium  against  a  chlorocarbon  electrode  in  a  fused 
equimolar  NaCl-KCl  mixture  with  various  titanium-ion 

Footnote  (12)  is  on  page  636, 
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tures  from  701  to  975*0  [I26l'  \h  r  i  ^  naSS)  **  terapera” 
obtain'd.-  C  ‘61-  TB'  rOUO“1"E  »»«"“*»  values 

£rvn+»  ■»  —  2,362  -f  4,83  •  HT'rv: 

^twj+i  »» ~2,!534-3,l64.  IO"4r  V.  (33 

»al  !fP;,!U!!!°V  r  B'P'  P<,da,-M  1801  •  Wh0  "***“-■«  Pot...!'’ 

-1  c0,  „  “  “  »'  700“  =  .  obtained  a  value  of 

-«»  «. ^nd 

It  »as  shorn  l„  HlJ  that  the  potential  of  tltanlur.  In 
*“•  «» «*  (F-, 

£»— 8,66-4.10^-3^.10-47.^^ 

— «E,P*r'“"  “*•  ““  “hen  th*  «“»*«■  Phlorld,  concert- 

“  the  el*«P=lr«  art  la».  they  are  practically 

in  the  chloride  aublUata.  that  settle  on  the  cola  parts  of 
rolywr.  The  v«por  Pictures  of  the  chlorides  and  fluorides  of 
other  nttals  used  In  electrolysis  <».,  K,  ft,  *)  are  compara¬ 
tively  snail  and  permit  vrons-term  electrolysis  esperiments  v'th- 
out  any  substantial  loss  of  electrolyte. 

Preparation  of  Starting  Materials  for  Electrolysis 

Normal  electrolyzer  operation  requires  that  the  electrolyte 

b®  h*lH  dif ^  t*  ...aen  .  4*  *.V  a  a 

w . .  wi  wie  mticerzais  zo  oe  cj.ec- 

trolyz-d.  These  materials  can  be  prepared  either  in  the  bath  or 
outside  of  it.  Lower  titanium  chlorides  are  often  used  as  the 
titanium-containing  compounds  for  titanium  electrolysis. 

Methods  of  preparing  lower  titanium  chlorides  outside  the 
electrolyzer  were  examined  above. 

There  are  several  methods  for  preparing  the  lower  chlorides 
directly  in  the  electrolyzer.  The  first  consists  in  bubbling  a 
mixture  of  carbon  tetrachloride  and  hydrogen  through  the  melt  or 
Introducing  this  mixture  i.nto  a  hollow  anode  immersed  in  the 
*>lt.  In  this  case,  it  is  principally  titanium  trichloride 
*3  formed  In  the  bath,  along  with  some  chlorotitanate 
Footnote  (13)  is  on  page  637. 
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a  second  method,  titanium  tetrachloride  is  introduced  into  the 
cathode  space,  where  it  is  reduced  by  the  sodium  or  other  metal 
whose  chloride  is  used  in  the  bath  [$5,  58,  87 3 •  This  method  has 
been  improved  by  introducing  ah  auxiliary  cathode  into  the  bath 

{ jli) 

for  use  in  saturating  the  electrolyte  with  titanium  ions. 

In  the  second  method,  a  mixture  of  titanium  trichloride  and 
dichloride  is  obtained  in  the  electrolyzer.  In  a  third  method, 
TiCli,  is  partially  reduced  in  the  electrolyzer  on  a  vanadium 

■*  ( ie} 

heater-catalyst. 

The  first  method  does  not  give  good  results,  and  for  a  num¬ 
ber  cf  reasons.  Most  important  among  these: 

a)  hydrogen  chloride,  which  attacks  the  equipment,  ie  formed 
in  the  reaction  between  the  hydrogen  and  the  chlorine  evolved  at 
the  anode; 

b)  introduction  of  hydrogen  promotes  the  formation  of  small 
cathodic  crystals; 

c)  subsequent  separation  of  the  unreacted  hydrogen  from  the 
inert  gases  is  very  difficult. 

The  third  method  complicates  the  design  of  the  bath  and  ie 
unproductive.  Reduction  of  titanium  tetrachloride  in  the  cathodic 
zone  mu3t  be  regarded  as  the  most  successful  method  in  use  at  the 
present  time. 

Leaving  aside  soluble-anode  electrolysis,  it  may  be  taken  as 
a  general  rule  that  the  purity  of  the  cathodic  deposit  will  be 
equivalent  to  or  slightly  lower  than  the  purity  of  the  starting 
materials . 

Direct  introduction  of  titanium  fluorides  into  the  bath  has 
not  come  into  practice  in  the  fluoride  processes.  The  material 
usually  used  here  ie  KgTIFg,  which  is  injected  into  the  melt  be¬ 
fore  starting  the  work  and  can  be  added  during  the  process  up  to 
a  certain  limit.  Although  it  calls  for  a  series  of  operations, 
the  preparation  of  potassium  hexafluorotitanate  presents  no  par¬ 
ticular  technical  difficulties.  It  is  usually  prepared  by  react¬ 
ing  highly  purified  titanium  dioxide  with  hydrofluoric  and 
Footnotes  (14)  and  (15)  are  on  page  637. 
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concentrated  sulfuric  acids.  The  resulting  titanium  fluoride  Is 
distilled  off  into  a  soda  solution,  where  a  hexafluoroti tanate 
precipitate  is  formed,  suction-filtered  out  of  the  mother  liquor, 
and  passed  through  two  repurifying  stages,  which  consist  In  dis¬ 
solving  it  in  hot  water  (90-100°C),  suctioning  through  a  hot 

ovt/l  aaaIUk  mu»  _ 1  i. _ _ „  .  .  - 

''waa“6*  watcv-oaiv  proportions  are  o  parts  (by 

mass)  of  salt  to  100  parts  (by  mass)  of  water.  The  crystals  thus 
obtained  are  dried  for  24-30  hours  in  a  vacuum  at  85-90° C  and 
stored  in  hermetically  ssalcd  containers  [4?].  The  moisture  and 

tlt&niu!"  +  a  *  M  4iUi«  _-,4- _ J  -  a  ,  . 

wuuwu  Ati  wi*j.o  mawcfiai  arc  uaucuiy  drouno 

0.01$. 

Titanium  dioxide  is  used  for  the  most  part  in  oxide  work. 
Methods  of  preparing  titanium  dioxide  will  be  examined  below. 

Lower  titanium  chlorides  can  be  obtained  from  TiCl^  by  sev¬ 
eral  methods.  Titanium,  sodium,  magnesium,  hydrogen,  antimony, 
arsenic,  zinc,  and  lead  are  used  as  reducers  [41,  55,  108] .  For 
various  reasons,  the  principal  reducing  agents  used  are  hydrogen, 
sodium,  and  titanium. 

Titanium  tetrachloride  is  reduced  by  hydrogen  at  1000-1100oC. 
It  is  necessary  to  remove  the  products  from  the  reaction  zone  im¬ 
mediately  (by  chilling)  to  maintain  a  steady  and  adequate  shift  of 
the  reduction-reaction  equilibrium.  The  following  method  i3  ef¬ 
fective  [41].  A  tungsten  wire  in  a  quartz  sleeve  (this  heating 
element  may  be  replaced  by  an  electric  arc)  is  drawn  axially 
through  a  cylindrical  molybdenum-steel  flask.  The  TiClj,  ♦  mix¬ 
ture  is  passed  through  the  flask  at  1000-11008C.  The  reaction 
product,  titanium  trichloride,  is  collected  on  the  walls  of  the 
flask,  from  which  some  of  it  is  washed  by  the  stream  of  unreacted 
titanium  tetrachloride,  for  subsequent  separation  by  distillation. 
In  this  reduction  method,  about  0.005$  of  metallic  titanium  is 
formed  as  an  impurity  in  the  TiCl^. 

TiCljj  is  usually  reduced  by  sodium  to  obtain  titanium  dl- 
ehloride  [55 »  108].  The  process  is  run  at  65C-700°C  with  a  so¬ 
dium  deficiency.  The  equipment  that  has  been  designed  for  this 
process  takes  a  wide  variety  of  forms.  In  one  version  [108], 
fused  metallic  sodium  is  dripped  into  a  reaction  tower.  Titanium 
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tetrachloride  Is  also  fed  continuously  into  the  tower.  The  rate 
of  reagent  inputs  is  controlled  in  such  a  way  as  to  support  the 
reaction 

TiCI4  +  2N« -net,  +  2N*CI. 


The  result  of  the  reaction  is  a  mixture  of  sodium  and  titan¬ 
ium  chlorides  containing  about  50*  Ti.  Sodium  chloride  is  then 
added  to  the  mixture  to  dilute  it. 


Titanium  can  be  used  as  a  reduc¬ 
ing  agent  for  the  preparation  of  both 
titanium  trichloride  and  dichloride. 

The  quantity  of  either  chloride  in  the 
reaction  mixture  depends  on  tenpera- 
ture  and  the  proportions  of  the  initial 
components  [108,  127,  128].  For  elec¬ 
trolysis,  it  is  more  convenient  to  use 
divalent  titanium.  The  process  can  be 
conducted  either  in  reactors  that  con¬ 
tain  only  titanium  or  in  reactors  that 
contain  molten  or  solid  alkali  metal 
chlorides  [52,  page  194]. 

Lower  titanium  chlorides  can  be 
produced  with  soluble  anodes.  This 
process  is  extremely  simple  from  both  the  technological  and  equip¬ 
ment  standpoints .  It  consists  in  electrolysis  of  titanium  scrap, 
which  is  used  as  a  soluble  anode  at  the  highest  possible  cathodic 
current  densities  (15-40A/cm  ).  The  process  temperature  range  is 
750-850°C,  and  the  anodic  current  densities  are  1  A/cm  or  lower. 
The  titanium  chloride  concentration  In  the  bath  can  be  lowered  to 
5-XO*  in  this  process;  concentration  can  be  increased  by  combin¬ 
ing  electrolysis  with  delivery  of  dry  HC1  or  TiCl^  into  the  bath 
(Fig.  131). 


Pigure  131.  Appuratus 
for  production  of 
lower  titanium  chlo¬ 
rides. 


The  next  method  of  producing  lower  titanium  chlorides  is 
based  on  the  reaction 


ti  -f  .H«a,  na* 


(7) 


where  Me  is  a  metal  that  is  more  electropositive  than  titanium. 
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Ferrous  chloride  is  usually  used.  The  process  consists  in 
introducing  the  ferrous  chloride  and  titanium  powder  into  fused 
alkali  chlorides.  The  process  is  usually  conducted  under  an  ar- 
gcr.  atmosphere  and  with  agitation.  The  time  required  for  comple¬ 
tion  of  the  reaction  is  1.5-2  hours,  after  which  ttv  electrolyte 
containing  the  lower  titanium  chlorides  is  separated  from  a  resi¬ 
due  consisting  of  titanium  with  iron  cemented  to  it  [130]. 

Treatment  of  titanium  with  dry  gaseous  hydrogen  chloride  at 
temperatures  from  900  to  950°C  produces  a  mixture  of  lower  titan¬ 
ium  chloride*  and  small  amounts  of  titanium  tetrachloride,  which 
is  distilled  off  m  the  course  of  the  process. 

Mtthods  of  Electrolyte  Composition  Analysis 

Methods  or  analysing  the  electrolyte  to  determine  total  ti¬ 
tanium  and  its  contents  of  titanium  ions  of  various  valences  are 
of  great  Interest  for  the  theory  and  practice  of  electrolysis. 
Finding  such  methods  took  a  great  deal  of  time,  and  the  work  has 
not  yet  been  completed,  but  there  are  now  a  number  of  developed 
methods  for  analyzing  the  electrolyte  to  determine  bi«,  tri-,  and 
quadrivalent  titanium  when  they  are  present  in  it  together. 

Several  methods  have  been  described  for  the  case  in  which 
the  electrolyte  may  be  assumed  to  contain  no  dissolved  alkali 
metals  or  their  subchlorides.  Two  of  these  are  almost  identical 
C131,  1323  end  Involve  separating  a  small  weighed  sample  of  elec¬ 
trolyte  into  two  pert-s ;  one  of  which  is  dissolved  directly  in  a 
solution  of  iron-ammonium  alums,  while  the  other  is  introduced 
into  the  alums  after  first  dissolving  it  in  sulfuric  or  hydro¬ 
chloric  acid.  The  two  solutions  are  titrated  with  permanganate. 

In  the  former  case,  trivalent  iron  is  reduced  by  either  bi-  or 
trlvalent  titanium;  in  the  latter,  it  is  reduced  only  by  trivalent 
titanium,  since  the  preliminary  solution  in  acid  has  converted 
all  of  the  divalent  titanium  to  trivalent.  Knowing  the  content 
of^titaniuo  in  the  weighed  sample,  the  amounts  of  Ti2+,  Ti^+,  and 
T1  can  be  found  by  a  simple  calculation. 

However,  both  of  these  methods  are  approximate,  since  the 
titanium  dichloride  may  react  with  the  acid  in  acidic  solutions 
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when  the  lower  titanium  chlorides  are  titrated  with  iron-ammoniu.T. 
alums,  releasing  hydrogen: 

Tia,  +  HCi-TlCI,+  -lHto  (8) 

with  the  result  that  the  analysis  gives  figures  on  the  low  aide 
for  Ti2*. 

24-  34 

Other  methods  of  determining  Ti  and  Ti3  are  based  on 
utilization  of  this  last  reaction.  They  consist  in  measuring 
the  amount  of  hydrogen  evolved  in  this  reaction  In  acidic  solu¬ 
tions;  when  all  of  the  hydrogen  has  been  released,  trivalent  ti- 

* 

tanium  is  determined  in  the  same  solutions  [44,  132,  page  1415]. 
The  original  amount  of  Ti^+  is  found  as  the  difference. 

These  methods  are  more  accurate  than  the  preceding  ones,  al¬ 
though  the  equipment  required  is  more  complex.  However,  none  of 
these  methods  takes  account  of  the  fact  that  the  electrolyte  may, 
in  many  cases,  contain  alkali  or  alkaline-earth  metals  or  their 
subchlorides,  which  are  capable  of  evolving  hydrogen  and  reducing 
bivalent  iron.  Dean  et  al.  found  that  the  amount  of  free  metals 
in  the  electrolyte  and  the  average  valence  of  the  titanium  can  be 
found  by  combining  these,  methods  [58]. 

In  analyzing  electrolyte,  it  is  necessary  to  work  with  It  in 
air  for  a  certain  time.  This  may  result  in  oxidation  and  hydroly¬ 
sis  of  lower  titanium  chlorides  and  shift  the  equilibrium  between 
the  components  of  the  melt.  One  recent  study  proposes  that  these 
effects  be  prevented  by  an  analytical  procedure  in  which  the 
fused  electrolyte  is  drawn  into  an  L-shaped  tube  with  KgPeClj,  in 
one  of  its  arms;  after  the  iron  has  been  reduced  by  the  titanium 
chlorides  In  the  fused  state  and  without  exposure  to  air,  the 
melt  is  cooled  and  titrated  [134].  Other  methods  have  also  been 
elaborated  [23,  85]. 
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Electrolysis  of  Titanium  Chlorides 

The  most  suitable  environment  for  electrolysis  of  titanium 
chlorides  is  sodium  chloride,  either  alone  or  mixed  with  potas¬ 
sium  hexafluorotltanate.  These  electrolytes,  and  the  former  in 
particular,  are  least  capable  of  dissolving  oxygen,  resist 
hydrolysis,  and  are  comparatively  cheap*  Coarse-grained  de¬ 
posits  can  be  obtained  on  the  cathode  when  they  are  used.  Their 
relatively  high  melting  points  do  not  make  these  electrolytes 
any  less  valuable. 

The  salts  used  in  electrolysis  must  be  quite  fres  of  oxygen 
and  elements  that  are  more  electropositive  than  titanium. 

The  starting  material  now  most  commonly  used  for  electroly¬ 
sis  is  titanium  tetrachloride.  Since  TiCl^  Is  a  covalent  com¬ 
pound,  direct  electrolysis  is  Impossible.  It  can  exist  in  fused 
chlorides  in  the  form  of  complexes  of  the  [TiCl<]  type,  which 

v 

are  very  slightly  soluble  and  thermally  unstable  [82-64].  Elec¬ 
trolysis  of  TIClj.  in  fused  media  produces  highly  dispersed  cath¬ 
odic  deposits  that  are  not  strongly  bound  to  the  cathode  and  have 
a  tendency  to  become  contaminated,  especially  by  oxygen,  at  all 
stages  of  the  process.  In  this  case,  production  of  high-grade 
metal  in  a  single  electrolysis  run  is  extremely  difficult.  The 
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utilization  of  titanium  tetrachloride  in  the  electrolysis  varies 

from  80  to  100? .  The  most  complete  utilization  is  obtained  when 

the  titanium  tetrachloride  penetrates  deep  into  the  layer  of 

electrolyte  and  at  a  certain  correspondence  between  the  rate  of 

its  delivery  and  the  rate  of  cathodic— metal  deposition.^  ^  The 

t  o) 

process  improve  when  fluorides  are  present  in  the  melt.* 


Lower  titanium  chlorides  are  more  suitable  for  electrolysis. 
They  are  easily  obtained  from  TiCl^,  readily  soluble  in  fused 
salts,  and  quite  stable  at  the  electrolysis  temperatures ;  they 
have  good  electrical  conductivity  and  comparatively  low  vola¬ 
tility.  An  undesirable  property  in  the  lower  chlorides  is  their 
high  chemical  activity.  Under  the  conditions  of  electrolysis, 
they  react  with  almost  all  conventional  lining  materials  [42,  60, 
86].  The  rate  of  reaction  of  the  lower  chlorides  with  the  lining 
material-  probably  depends  strongly  on  the  presence  of  oxygen  in 
the  bath. 


It  was  generally  believed  until  recently  that  the  cathodic 
process  is  preferentially  a  secondary  one  [39,  58,  88]: 


Ate**"  -ru-~  mi. 

(9) 

Ate  +  Y  TK3,  -  MtO,  +  -J  Ti, 

(10) 

Ate-f  yUOj- Af«CI#+~TI, 

(11) 

where  Me  is  sodium,  calcium,  potassium,  strontiunj,  etc.,  and  x 
i3  valence. 

However,  research  carried  out  in  recent  years  has  shown  that 
direct  electrochemical  discharging  of  titanium  ions  takes  place 
at  the  cathode  under  certain  conditions.  Mont  important  among 
these  conditions  is  an  adequate  concentration  of  titanium  ions 
of  the  lower  valences  in  the  layer  at  the  cathode.  There  are 
data  indicating  a  stepwise  nature  for  the  process  in  which  titan¬ 
ium  is  reduced  at  the  cathode  [89]» 

Chlorine  ions  are  discharged  at  the  anode  with  formation  of 
molecular  chlorine  and,  in  the  case  of  carbon  anodes,  chloroear- 
bons  as  well.  GO  and  CO;,  are  evolved  simultaneously  in  the 

Footnotes  (1)  and  (2)  are  on  page  647. 
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presence  of  oxides.  At  a  high  enough  voltage  and  without  dia¬ 
phragms  on  the  anode,  titanium  tetrachloride  may  be  released  as  a 
result  of  oxidation  of  lower  titanium  chlorides  present  in  the 
melt  by  the  anodic  chlorine. 

Titanium  chlorides  are  electrolyzed  in  inert-gas  (argon  or 
helium)  atmospheres.  The  following  procedures  are  usually  em¬ 
ployed  first  to  free  the  electrolyte  of  moistuve  and  occluded 
gases : 

1)  vacuum!  zing  of  the  electrolyzer  at  400-65Q°C  to  a  residual 
pressure  of  10-20  mm  Hg  [42]; 

2)  preliminary  electrolysis  at  an  auxiliary  cathode  with  a 
voltage  of  1. 8-2.0  V  across  the  electrolyzer  terminals. 

There  are  also  other  methods  of  purifying  the  electrolyte. 

One  of  them  is  used  to  remove  moisture.  It  consists  in  repeated 
passage  of  dry  hydrogen  chloride  through  the  melt.  A  second 
method  consist.?  in  passing  carbon  tetrachloride  through  the  melt, 
and  Is  used  to  clear  it  of  oxygen  [4l]. 

TABLE  4? 

Optimum  Process  Indicators  in  Titanium  Electrolysis 
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NtCI-fKa+Mtfb, 
NtCl+KCl-fC*, 
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•  ^Electrochemical  current  efficiency  calculated  for 
quadrivalent  titanium. 

*2Patent  (Australian)  No.  154,266,  1951 
*3Patent  (British)  No.  678,807,  1951. 

•^Patent  (British)  No.  734,094,  1955 • 
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Graphite  or  tungsten  are  the  usual  anode  materials,  even 
though  they  do  not  fully  satisfy  all  requirements:  tungsten 
gradually  corrodes  and  contaminates  the  electrolyte,  while  graph¬ 
ite  has  an  anodic  effect  at  current  densities  of  0.8-1  A/cm^  and 
higher,  in  which  an  envelope  of  gaseous  chlorine  or  chlorocarbons 
forms  on  the  anode  surface  and  interrupts  the  passage  of  current 
[90].  The  anodic  effect  _s  usually  eliminated  by  introducing  a 
small  amount  of  oxides  into  the  anodic  space. 

Many  materials  have  been  tested  for  the  cathodes:  tungsten, 
molybdenum,  nickel,  silver,  and  a  number  of  others  [*11-43,  44,  60]. 
The  titanium  deposits  bond  best  to  a  silver  cathode.  However, 
this  metal  is  expensive.  Steel  and  nickel  cathodes  are  used. 

The  liquid  cathodes  —  zinc  and  lead  —  that  have  been  investigated 
will  hardly  be  useful  in  view  of  the  fact  that  they  form  hard-to- 
decompose  intermetallic  compounds  with  titanium. 

The  separating  diaphragms  used  in  [45,  91]  are  highly  in¬ 
teresting.  The  former  study  used  aluminum  oxide  diaphragms, 
which,  according  to  the  authors,  undergo  practically  no  metal¬ 
lization  under  proper  conditions,  while  graphite  diaphragms  were 
employed  in  the  latter  case.  This  case  is  further  interesting 
for  the  fact  that  the  electrolysis  was  conducted  with  a  contact 
cathode,  on  which  semisintered  metal  formed  at  1305°^.  it  is 
acknowledged  that  this  process  uses  electric  power  at  a  high  rate 
(about  77  kW-h  per  kilogram  of  titanium). 

The  influence  of  the  basic  electrolysis  parameters  on  the 
quality  of  the  cathode  deposits,  the  course  of  the  process,  and 
current  efficiency  has  been  studied  in  detail  on  many  occasions. 

It  has  been  shown  that  low  temperatures,  low  titanium  concentra¬ 
tions  in  the  electrolyte,  and  high  cathodic  current  densities  re¬ 
sult  In  the  formation  of  a  fine  dendritic  powder  that  clings 
weakly  to  the  cathode.  Not  all  of  the  authors  describe  their 
processes  fully.  Table  47  lists  optimum  data  according  to  the 
principal  published  works. 

Work  with  titanium  chlorides  requires  a  high  voltage  across 
the  electrolyzer  terminals  (usually  9-12  V),  which  results  in 
high  consumption  of  electric  power  per  unit  of  production. 
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Electrolysis  of  Titanium  Fluorides 

It  is  known  that  potassium  hexafluorotitanate  Sg”i?g  is  the 
most  suitable  fluorine  conpound  for  electrolysis  [92].  It  is 
comparatively  easily  produced,  is  a  good  conductor  of  electricity 
and  stable  in  air,  and  has  a  low  vapor  pressure. 

It  is  not  advisable  to  electrolyze  potassium  hexafluoroti¬ 
tanate  alone.  During  electrolysis,  it  is  reduced  to  the  compound 
KgTiFj,  after  which  the  electrodes  begin  to  polarize,  with  the 
resulting  very  low  current  efficiencies.  For  this  reason,  KjTiFg 
is  usually  dissolved  in  fused  salts  for  electrolysis. 

Electrolysis  of  potassium  hexafluorotitanate  in  fused  media 
requires  that  an  inert  atmosphere  be  provided.  Sodium  chloride 
is  the  best  and  most  thoroughly  understood  solvent  electrolyte 
[1*73.  The  bath  material  is  usually  graphite,  which  serves  simul¬ 
taneously  as  the  anode.  It  is  almost  impossible  to  use  any  cf 
the  other  materials,  since  potassium  hexafluorotitanate  reacts 
under  the  conditions  of  electrolysis  with  porcelain,  refractory 
clays,  glass,  and  other  materials  used  to  line  baths.  The  cathode 
material  Is  usually  steel,  which  is  secured  tc  a  nickel  or  graph¬ 
ite  holder  above  melt  level. 

According  to  Drossbach  [46,  98],  the  mechanism  of  the  elec¬ 
trolysis  of  KgTiPg  can  be  represented  in  the  form  of  the  ever- all 
reaction 

KJiF.+C  2TI  +  JKF+  CF,.  , .  -  x 

Obviously,  this  equation  implies  that  the  process  will  take 
place  in  an  electrolyte  that  is  very  poor  in  chlorides.  In  a 
chloride-ri  a  electrolyte,  the  process  will  evidently  take  place 
by  the  reaction 

K,TiF,  +  4Jfca^TI  +  4X«F  +  2KF  +  jr!,.  (13) 

To  eliminate  the  anodic  effect,  it  is  necessary  to  add  small 
Mounts  of  titanium  dioxide  in  the  anode  zone.  The  cathodic  proc¬ 
ess  involves  discharging  of  Ti4+  ions  formed  by  the  reaction 

T£Fj-r;Ti4+  +  eF-,  <l4) 
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The  reduction  at  the  cathode  is  stepwise  [93].  It  Is  difficult 
to  make  the  process  continuous,  since  potassiu.ii  fluoride  gradual¬ 
ly  accumulates  in  the  bath,  raising  the  melting  point  of  the 
electrolyte  [36,  41].  Regeneration  of  the  fluorine  is  very 
troublesome.  It  requires  treatment  of  the  fluorides  with  con¬ 
centrated  sulfuric  acid  [94]. 

The  740-800° C  temperature  range  is  the  optimum  for  the  elec¬ 
trolysis  process.  At  these  temperatures,  large  laminar  hexagonal- 
packed  crystals  can  be  formed  on  the  cathode.  At  higher  tempera¬ 
tures,  fine  crystals  with  distorted  lattices  predominate,  and  cur¬ 
rent  efficiency  declines.  Below  700° C,  the  electrolyte  becomes 
too  viscous.  The  potassium  hexafluorotitanate  concentration  may 
not  be  high,  although  it  is  highly  soluble  in  sodium  chloride  [the 
eutectic  point  corresponds  to  a  64*  (by  mass)  content  of  XgTiPg]. 
At  high  potassium  hexafluorotitanate  contents  in  the  melt,  oxida¬ 
tion  reactions  occur;  they  can  be  represented  in  general  form  by 
the  equations 

(15) 

(l6) 

TI*+-»Ti*+  +  *.  (17) 

The  current  efficiency  decreases  as  a  result  of  these  reac¬ 
tions.  The  optimum  potassium  hexafluorotitanate  concentration  In 
the  melt  is  15-17*  (by  mass). 

2 

The  optimum  current  densities  at  the  cathode  are  1-3  A/cm  . 

Preliminary  removal  of  moisture,  occluded  gases,  and  metals 
that  are  more  electropositive  than  titanium  —  iron  in  particular 
—  from  the  electrolyte  is  mandatory  in  all  cases.  The  minimum 
bath  voltage  is  2.6-3  V. 

In  occasional  cases,  the  titanium  produced  by  this  method 
has  exhibited  mechanical  properties  on  a  par  with  those  of  the 
highest  grades  of  magnesiothermic  metal.  The  chemical  composi¬ 
tion  of  the  cathodic  metal  produced  in  one  of  the  papers  cited 
[47]  is  characterized  as  follows:  99 - 5-99 • Ti»  0.05-0. 1*  02, 
0.04-0.017*  H2,  0.03-0.13*  C. 
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In  [35],  -99- 9%  pure  titanium  was  produced  by  electrolysis  of 
Na^T? ?6  in  fused  sodium  and  potassium  chlorides  at  800°C  and  a 
cathodic  current  density  of  0. 4-1.6  A/cm2. 

Electrolysis  of  Titanium  Oxides 


All  oxides  of  titanium  and  alkali-metal  titanates  have  been 
tested  as  starting  materials  for  the  production  of  titanium  by 
electrolysis  of  its  oxygen-containing  compounds  in  fused  media. 
Many  fused  media  have  been  tested  for  solution  of  titanium  oxides 
and  their  electrolysis,  with  emphasis  on  NaOH,  Na^PjO^  +NaCl, 
Na^Oy  +  CaCl2,  CaCl2,  cryolite,  CaO  +  CaCl2,  NaF  +  KF,  alkali- 
metal  phosphates  and  borates,  NaCl  +  CaCl~,  NaCl  +  K-TiFr.  The 
best  results  were  obtained  using  NaCl  +  CaClg 
as  well  as  CaCl2  +  CaO  [34;  48-50;  52,  page  29;  95-104;  106] 


and  NaCl  +  K2TiFg , 


Many  studies  have  been  devoted  to  the  electrolysis  of  ?iC>2 
in  fused  CaCl  +  KgTiFg  [48;  49;  52,  page  29;  99-104;  1063.  The 
physicochemical  properties  of  the  melts  have  been  studied,  and 
some  of  the  authors  have  attempted  to  ascertain  the  mechanism  of 
the  process.  It  was  shown  In  [106]  that  the  electrolysis  mecha¬ 
nism  differs  for  different  Ti02  concentrations  in  the  melt.  At 
high  titanium  dioxide  concentrations,  it  is  reduced  at  the  cathode 
to  TljOj.  Titanium  dioxide  and  sesquloxide  then  envelop  the 
cathode  with  a  mass  resembling  the  cathodic  deposit  and  not  sus¬ 
ceptible  to  further  electrolysis.  At  low  T102  concentrations, 
titanium  is  formed  in  the  steady  process  at  the  cathode  in  ac¬ 
cordance  with  the  net  reaction 

TlFj-+4«-.Ti  +  flP-  (l8) 

2-  3- 

with  formation  of  the  intermediate  complex  TiFg  +  e  -*•  TiFg  , 
which  is  a  source  of  titanium  ions. 

2+  + 

At  high  titanium  dioxide  concentrations,  T10  and  T± 2°3 
ions  are  discharged  at  the  anode  [1073;  low  concentrations  make 
possible  the  formation  of  KgTiFjj,  whose  anions  are  discharged  in 
the  reaction 

2tk*!-+if--v-2tifJ-+x>.  (19) 
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Footnote  (3)  is  on  page  647. 
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The  oxygen  liberated  here  reacts  with  the  anode  graphite  to 
form  Co2> 

Leas  study  has  been  devoted  to  the  electrolysis  of  titanium 
dioxide  in  fused  CaClg  [100].  The  authors  of  this  paper  consider 
the  cathodic  process  to  be  secondary  in  nature: 

Cs*+  +  2»-‘C«,  (20) 

2C*  +  TJQf-2CsO  +  T1.  (21) 

Effective  conduct  of  this  process  requires  low  TiOj  contents  in 
the  electrolyte»  continuous  introduction  of  this  oxide  into  the 
bath,  and  periodic  changing  of  the  electrolyte  as  it  becomes 
saturated  with  CaO.  Thorough  removal  of  oxygen  from  the  titan¬ 
ium  is  unlikely  in  this  case.  Not  even  so  strong  a  reducing 
agent  as  calcium  can  reduce  the  titanium  completely. 

In  addition,  oxygen-exchange  reactions  between  the  cathodic 
product  and  the  titanium  oxides  in  the  melt  are  possible  at  the 
cathode. 

An  additional  reaction  that  takes  place  in  a  chloride  bath 
is  that  between  T102  and  the  chlorine  liberated  at  the  anode: 

TA  +  Mi-Tia.  +  CV  (22) 


SU3  — 

13, 

C- 


(18) 


1L. 

in 


(19) 


The  oxygen  released  causes  secondary  oxidation  of  the  titan¬ 
ium.  This  is  why  it  has  not  yet  been  possible  to  produce  the 
pure  metal  by  electrolyzing  titanium  oxygen  compounds.  Usually, 
either  comparatively  pure  titanium  monoxide  or  metallic  titanium 
with  lower  oxides  and  titanates  as  impurities  forms  at  the 
cathode.  Better  results  are  claimed  in  an  American,  patent / ^ ac¬ 
cording  to  which  99.9*  pure  titanium  was  obtained  using  a  CaO  + 

+  CaCl2  electrolyte  (1:6)  containing  up  to  5 $  TiOg  at  tempera¬ 
tures  of  700-1100°C,  an  anodic  current  density  of  0.l6A/cm2,  and 
a  cathodic  current  density  of  4.5  A/cm2. 

A  number  of  measures  might  be  projected  by  way  of  improving 
the  electrolysis  of  titanium  oxygen  compounds.  Principal  among 
these  are  the  following: 


Footnote  (4)  is  on  page  647. 
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1.  Development  of  diagrams  that  resist  fused  titanium  chlo¬ 
rides  and  chlorine. 

2.  Development  of  a  process  using  a  liquid  cathode  whose 
material  would  dissolve  titanium  but  not  any  of  the  other  elec¬ 
trolysis  products.  Titanium  of  99.51  purity  has  been  obtained 
when  slno,  lead,  or  cadmium  was  used  as  the  liquid  cathode. 

Currently,  all  cathodic  deposits  produced  by  electrolysis 
of  titanium  oxides  require  subsequent  removal  of  oxygen  by  one 


method  or  another.  r  example,  this  might  be  done  by  electro-  Page 
lytic  refining.  As  other  cases  of  electrolysis,  that  of  ti-  No ' 
tanlum  oxides  requires  extremely  pure  starting  materials.  Elec-  639 
trolysls  Is  carried  out  under  a  current  of  argon  or  helium  to  ^ 
protect  the  cathodic  deposit  and  the  electrolyte  from  oxidation. 
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59  ^Patent  (USA)  No.  2,780,593*  1957* 

59  ^Patent  (Japanese)  Mo.  5702,  1958. 

14  3)«jee  a]_a0  patents  (USA)  Mo.  2,697,660,  195*;  2,707*168, 
1955;  2,707*169*  1955;  2,722,508,  1955;  patent  (British) 
Mo,  713, **6,  195*;  patent  (Swedish)  Mo.  72*»198,  1955; 
7*5,872,  1955. 

45  '^Patent  (USA)  Mo.  3,003,93*,  1961. 
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Chapter  25 

ELECTROLYSIS  OF  TITANIUM  KITH  SOLUBLE  ANODES 

Electrolytic  Refining  of  Titanium  Scrap 

Research  on  the  electrolytic  production  of  titanium  In 
fused  media  with  soluble  anodes  has  been  greatly  expanded  In 
recent  years.  Before  continuing  with  a  discussion  of  this  re¬ 
search,  it  will  be  necessary  to  dwell  briefly  on  the  notion  of 
the  soluble  anode. 

Any  material  with  the  following  basic  properties  can  be 
used  as  a  soluble  anode  [1073 :  electronic  conductivity;  the 
ability  to  react  with  the  electrolyte  without  dissolving  in  it. 

As  we  have  already  noted,  titanium  forms  a  large  number  of 
systems  and  compounds  that  exhibit  these  properties.  The  studies 
that  have  been  made  in  the  field  of  3oluble-anode  electrolysis 
can  be  classified  into  the  following  groups:  electrolytic  refin¬ 
ing  of  titanium  scrap,  titanium-based  alloys,  and  "crude  anodes" 
-  materials  obtained  by  preliminary  treatment  of  titanium  ore 
concentrates  with  the  object  of  endowing  then  with  soluble-anode 
properties . 

The  production  of  pure,  highly  ductile  titanium  by  electro¬ 
lytic  refining  of  titanium  scrap  is  now  in  the  industrial-testing 

stage. 
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The  basic  parameters  of  the  process  and  conditions  for  the 
production  and  storage  of  high-quality  cathodic  deposits  have 
been  determined.  However,  as  we  nave  noted,  not  all  of  the  dif¬ 
ficulties  associated  with  the  development  of  a  simple,  reliable, 
and  efficient  electrolyzer  design  have  been  overcome. 

The  common  impurities  that  must  be  removed  from  titanium  are 
oxygen,  nitrogen,  hydrogen,  carbon,  and  iron.  As  a  rule,  the 
total  content  of  these  impurities  is  3mall,  at  1-2X  (by  mass). 

It  has  been  established  by  numerous  studies  that  the  most 
suitable  electrolytes  for  electrolytic  refining  are  sodium  chlo¬ 
ride,  either  alone  or  mixed  with  potassium  or  strontium  chloride. 
The  former  electrolyte  is  preferred  [58,  107,  108-112]. 

TABLE  48 

Impurity  Contents  in  Cathodic  Deposits  Obtained 
by  Electrolytic  Refining  of  Titanium 


material 

Lty  contents,! 

Brinell 

hardness 

* 

Mi 

H. 

e 

initial . . 

cathodic  nstal.  . 

T;'gn 

3C3DG3 

9.010—0,5 

0.004—0,001 

0.0001 

Ci, >1—0,70 
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IffSM 
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mm 

00-75 

mmmmm 

o.r 
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0.00 
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0.03 

■rfl 
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'  fa  wWPHW 
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0.1 

0.001 
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0.0001 

0.05 

0.1 

- 

0.110 

O.OM 

o.os 

0.000 

0.000 

0.001 

0,1 

0.00 

0.00 

o.o» 

■a 

Volt-ampere ,  chemical,  and  other  analyses  have  shown  that 
titanium  goes  from  the  anode  Into  the  melt  predominantly  in  the 
form  of  bivalent  iona  in  the  optimum  temperature  range  of  electro¬ 
lytic  refining,  i.e.,  750-850°C.  Increasing  the  temperature  or 
anodic  current  density  tends  to  increase  the  percentage  of  trl- 
valent  ions.  The  average  valence  of  the  titanium  in  the  electro¬ 
lyte  is  usually  2.0-2. 3. 

A  major  factor  in  the  acquisition  of  high-grade  deposits  is 
the  relationship  between  the  titanium  concentration  in  the  elec¬ 
trolyte  and  cathodic  current  density.  The  optimum  titanium 
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oonoentration  in  the  electrolyte  la  3 -6*  (by  maaa).  It  may  be 
assumed  that  the  best  cathodic  powders  are  obtained  at  a  ratio  of 
approximately  2-3  between  the  electrolyte  titanium  concentration 
and  the  cathodic  current  density.  The  anodic  current  density 
should  be  1/4-1/8  of  the  cathodic  density  in  electrolytic  refin¬ 
ing. 

Special  attention  is  given  the  question  of  purifying  the  ti¬ 
tanium  of  oxygen  in  research  on  electrolytic  refining  of  this 
metal  [108,  112-1151.  When  the  process  is  conducted  under  metic¬ 
ulously  clean  conditions,  the  only  way  in  which  oxygen  can  pass 
from  the  anode  to  the  cathode  la  by  formation  of  the  tltanyl  ion 
TiO^+.  Thermodynamic  calculations  Indicate  that  formation  of 
this  ion  is  highly  improbable  up  to  high  oxygen  concentrations 
in  the  anodic  material.  The  impossibility  of  oxygen  transfer 
into  the  cathodic  deposit  in  electrolytic  refining  of  materials 
containing  lesa  than  ljf  02  has  been  demonstrated  with  the  aid  or 

the  isotope  O1®  [107,  116], 

Graphics  Not  Reproducible 


Figure  132.  Appearance 
of  cathode  with  titan¬ 
ium  deposit  on  it. 


Figure  133.  Structure 
of  cathodic-deposit 
crystal. 

Under  the  conditions  de¬ 
scribed  above,  the  product  is  a 
cathode  deposit  consisting  for  the 
most  part  of  sharply  outlined 
hexagonal  or  aeicular  crystals, 
whose  site*  reach  15-20  mm  in 
some  cases.  Figures  132  and  133 
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show  the  external  appearance  of  the  electrolytic  deposit  on  tne 
cathode  and  an  isolated  crystal. 

The  electrolyte  content  in  the  cathodic  deposit  is  usually 
20-30J  (by  mass);  the  larger  the  crystals  in  the  deposit,  the 
smaller  the  amount  of  electrolyte  left  in  it.  The  current  ef¬ 
ficiency  is  70-90%  for  the  discharge  of  Ti2+. 

Table  48  lists  data  on  the  purity  of  titanium  obtained  at 
the  cathode  in  electrolytic  refining. 

No  more  than  4-5  kW*h  of  electric  power  is  used  per  kilogram 
cf  titanium  directly  in  the  electrolysis  process.  The  total  elec¬ 
tric  power  consunption  ranges  up  to  10-11  kW*h/kg. 

Electrolytic  Refining  of  Alloys 

Electrolytic  refining  of  titanium-based  alloys  is  a  more 
difficult  problem  than  electrolytic  refining  of  contaminated 
titanium.  This  process  may  take  either  of  two  directions: 

1,  Separation  of  the  titanium  from  the  other  alloy  compo¬ 
nents  [52,  page  91;  107-109;  118-1193. 

2.  Removal  of  nonmetal lie  components  from  the  alloy  [106, 
page  213]/'l) 

The  first  approach  assumes  subsequent  regeneration  of  the 
anodic-sludge  components.  The  second  is  simpler,  but  requires 
separate  storage  of  the  scrap  and  its  classification. 

Alloys  are  usually  refined  under  the  same  process  conditions 
as  titanium  scrap.  The  principal  electrolyte  used  is  NaCl.  The 
titanium  ion  concentration  in  the  electrolyte  is  1-5S  (by  mass). 
The  ordinary  anodic  current  densities  range  from  0.2  to  0.4  A/cm  . 
Temperature  varies  from  80Q  to  850° C.  During  the  initial  stages 
of  refining  of  Ti-Al  alloys,  titanium  containing  hundredths  of  a 
percent  of  aluminum  is  at  first  deposited  on  the  cathode,  but  then 
aluminum  content  in  the  cathode  deposits  increases  rapidly.  Al¬ 
loys  with  chromium  and  vanadium  behave  similarly.  Manganese  be¬ 
gins  to  deposit  on  the  cathode  in  the  very  first  stages  of 


Footnote  (1)  is  on  page  661. 
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electrolysis  in  amounts  that  exceed  its  content  in  the  original 
anode.  Good  removal  of  Pe,  Cu,  Mo,  Si,  Ng,  C,  and  02  from  the 
titanium  has  been  reported. 

Certain  problems  in  the  electrolytic  refining  of  a  series  of 
binary  titanium-based  alloys  are  discussed  in  [118].  A  mixture 
of  potassium  and  sodium  chlorides  (1:1  by  mass)  was  used  for  the 
refining  process.  The  process  temperature  was  760-800°C.  The 
anodic  material  was  depleted  to  a  depth  of  5-10  mm.  The  results 
of  these  experiments  are  assembled  in  Table  49. 

Analysis  of  the  results  of  these  experiments  leads  us  to 
the  following  conclusions:  firstly,  electrolysis  of  titanium- 
iron,  titanium-silicon,  and  titanium-niobium  alloys  separates 
the  components  well;  secondly,  the  proportions  between  the  com¬ 
ponents  in  all  layers  of  the  anodic  sludge  remains  approximately 
constant  after  a  certain  anode -depletion  depth  has  been  reached, 
and,  thirdly,  the  composition  of  the  anodic  sludge  depends  only 
on  the  initial  proportions  of  the  components  in  the  alloy  right 
up  to  the  point  at  which  the  first  intermetallic  compounds  are 
formed.  These  last  two  circumstances  suggest  that  diffusion  proc¬ 
esses  in  the  original  alloy  are  not  a  major  factor  in  electroly¬ 
sis.  The  process  mechanism  consists  in  release  of  the  titanium 
from  the  first  superficial  layer  into  the  melt  for  each  initial 
anodic -material  composition,  a  process  that  continues  until  its 
potential  is  30  high  that  liberation  of  titanium  from  this  layer 
ceases  and  the  next  layer  of  the  original  composition  begins  to 
dissolve,  and  so  forth;  simultaneous  solution  of  titanium  from 
two  successive  layers  and  diffusion  of  titanium  from  one  layer  to 
another  are  ing>robable. 

Below  we  present  equilibrium-potential  values  for  titanium 
and  metals  commonly  encountered  as  components  of  titanium-based 
alloys.  The  figures  pertain  to  chloride  electrolytes,  near-unity 


activities  of  the  corresponding  metal 

,  ions  in  the  melt, 

and  tem- 

peratures  of  850-900°C  [65,  76]: 

Anodic  reaction  -E.  V 

Anodic  reaction 

=B jJL 

Mn  Mn2+ . 1.967 

A1/A13+ . 

.  1.55 

Mn/Nn2* . 1.766 

A1/A13+ . 

.  1.4 
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Anodic  reaction 

-E,  V 

Anodic  reaction 

z!L 

Ti/Ti^ . 

.  1.826 

v/vs+. . 

.  .  1.5 

Ti/Ti3+ . 

•  1.793 

Fe/Fe2+ . 

•  •  1.293 

Cr/Cr2+ . 

.  1-523 

lix 

Si/Si* . 

.  .  1.28 

Cr/Cr3+ . 

.  1.307 

Kb  /Nb  3+ . 

.  1.1  -  1 

These  data  suggest  the  possibility  of  separating  titanium 
from  most  of  these  metals  (except  Mn)  under  nearly  reversible 
conditions.  When  we  consider  that  the  usual  content  of  a  given 
single  impurity  in  titanium  varies  from  A  to  10J,  this  possibili¬ 
ties  even  further  enhanced.  However,  application  of  an  electric 
current  causes  considerable  polarization,  which  is  determined 
basically  by  the  titanium-ion  concentration  gradient  in  the  pores 
of  the  steadily  growing  sludge  layer  as  titanium  is  depleted  from 
the  anodic  material.  The  decrease  in  titanium  concentration  in 
the  surface  layers  of  the  anode  and  shielding  of  the  anode  sur¬ 
face  by  the  sludge  layer  are  also  of  some  importance  here.  At 
certain  degrees  of  anode  depletion,  therefore,  more  electroposi¬ 
tive  Impurities  begin  to  dissolve  in  the  electrolyte  along  with 
the  titanium  and  settle  on  the  cathode.  The  extent  to  which  the 
titanium  is  separated  from  these  impurities  can  be  increased  bv 
lowering  the  anodic  current  density,  accelerating  diffusion  proc¬ 
esses  in  the  aludge-laye-  rres,  removal  of  this  layer,  work  with 
bipolar  electrodes,  changing  electrolyte  composition,  and  a  num¬ 
ber  of  other  measures. 

In  considering  the  electrolysis  of  binary  and  other  alloys, 
it  is  necessary  to  remember  that  the  alloy  components  nay  influ¬ 
ence  one  another  strongly  and  that  third  components  are  also  im¬ 
portant.  Here  we  refer  not  to  the  appearance  of  new  phases, 
which  la  also  possible,  but  to  the  fact  that  even  very  small 
additives  of  third  components  may  change  the  potential  of  the 
principal  component  in  the  alloy. 

Major  factors  in  the  electrolytic  refining  of  alloys  are 
co&plexing  in  the  melta,  the  volatilities  of  the  chlorides  that 
are  formed,  the  surface-energy  change  of  the  anode  as  it  dis¬ 
solves,  and  a  number  of  other  circumstances. 
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Electrolytic  Refining  with  Crude  Anodes 

An  extremely  interesting  but  rather  neglected  process  is 
that  of  electrolytic  refining  of  crude  anodes.  Th^re  are  many 
methods  for  converting  ores  and  ore  concentrates  to  a  state  in 
which  they  can  be  used  as  soluble  anodes.  Among  these  methods, 
the  following  deserve  mention: 

1.  Reduction  of  the  raw  material,  complete  or  partial; 

2.  Nitrldizing  of  the  raw  material; 

3.  Carbidizing  of  the  raw  material. 

(2) 

Reducing  agents  used  include:  carbon  [55,  1233*  magnesium 
[533,^  aluminum  [58]/4,and  calcium  hydride  or  calcium  [118], 
which  are  the  strongest  reducing  agents,  as  well  as  other  ele¬ 
ments  and  compounds.  The  reduction  process  is  run  either  in 
3teps,  with  formation  of  titanium  monoxide  in  the  first  stage 
and  conversion  of  a  number  of  other  components  to  the  metallic 
state  with  the  object  of  subsequent  separation,  or  straight 
through  to  the  conversion  of  all  raw-material  components  to  the 
metallic  state  and  formation  of  an  alloy  suitable  for  electro¬ 
lytic  refining.  The  latter  process  is  preferred  at  present. 

Tee  reduction  of  ilmenite  slags  and  titanium  concentrates 
of  the  compositions  Indicated  in  Table  50  was  investigated  in 
[113]. 

TABLE  50 

Chemical  Compositions  of  Ilmenite  Concentrates  and 
Clags  Vsed  for  Reduction  by  Calcium  Hydride 


content s~of  component*, ?(by  maa») 


material 

T», 

*10, 

A1.0, 

00 

MflO 

McO 

other . 
oxides 

slag 

concen¬ 

trate 

•5.0 

«,  0-50.0 

1. M 

2. (5 

10.* 

1,5-2. 5 

0.7 

*.0—1,0 

0.1 

M— 3* 

i.« 

1<° 

».* 

0,(— 1,6 

2,0-M 

*.0—5,0 

The  reduction  was  carried  out  in  closed  stainless-steel  con¬ 
tainers.  The  reducing  agent  was  calcium  hydride.  The  following 
optimum  reduction  conditions  were  established: 

Footnotes  (2),  (3)  and  (*i)  are  on  page  66l. 
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a)  for  slag:  temperature  1100°C,  time  2  hours,  calcium  hy¬ 
dride  consumption  1. 8-2.0  kg/kg  of  Ti j 

t>)  for  concentrate:  temperature  1200° C,  time  2  hours,  cal¬ 
cium  hydride  consumption  2. 2-2.1)  kg/kg  of  Ti. 

The  result  was  extraction  of  85-95*  of  the  Ti  in  the  form  of 
the  solid  solutions  whose  compositions  are  given  in  Table  51. 

TABLE  51 

?omPosltlons  of  Products  Obtained  After  Redurt-inn 
Titanium  Concentrates  and  Slags  with  Calcium  Hydride 

reduction  contents  of  components, X(by  ness) 

Product  ~r,  1  I  ..  m  .  I  '  •  J — ■ — 


n  j  si 

At 

fit 

a 

*« 

other 

M,5  0.35 
M.S  1.0 

6.0 

0.39 

0.61 

0,45 

0.95 

0,04 

»• 

0,90 

5.0-4, 0 
4,0— 9,0 

Electrolytic  refining  of  these  materials  under  conditions 
similar  to  those  of  electrolytic  titanium-alloy  refining  produced 
cathodic  deposits  containing  99.6*  Ti,  0.05*  Si,  0.07*  Al,  0.2* 
Fe,  O.OlJT  Mn,  the  hardness  of  the  metal  was  V100  HB. 

Comparatively  pure  titanium  nitride  and  carbide  can  be  pro¬ 
duced  by  nitrldizing  and  carbldllzng  the  raw  material  with  subse¬ 
quent  concentration  of  the  product. 

TABLE  52 

Temperature  Conditions  of  Nitrldizing  Process  and 
Stability  of  the  Nitrides 


Nitrldislng 

process 

r«0-  T*,H 
MnO-»Mi LS. 


J  Nitrld*  Substance 
decomposition  decomposing 
C  ***»'  c  the  nitride 


430-470  >fi0 

1000-1104  >noo 
>950  — 

I  MO' 

>1*00  1790 

>1500  - 

>1400  _ 

>1400  - 


Cold  water 
stems  at  500 *C 

Cold  water 
>  » 

Highly  atable 


The  temperature  ranges  of  nitrldizing  and  the  stabilities 
of  the  nitrides  obtained  from  the  oxides  in  slags  of  the  composi¬ 
tions  given  in  Table  50  are  given  in  Table  52  (nitrldizing  was 


carried  oi 

Three 

1250-1300* 

1.  Mt 

2.  Me 

3.  Me 

The  r 
easily  by 
suit  is  a 
whose  comp 
Electrolyt 
containing 
by  seconda 

A  con 
trolytic  r 
oxycarboni 
and  prepar 

Hickm 
elect,  rclyt 
work  was  d< 
trolyte  coi 
chlorides  i 
chloride  cc 
product  wa: 
units. 

An  Arne 

suits  for  < 

first  been 

Initial  car 

Electrolysl 

2 

A/cm  ,  cat* 
75*  in  the 
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carried  out  with  nitrogen  in  the  presence  of  carbon). 

Three  groups  of  substances  are  obtained  by  nitriding  in  the 
1250-1300°C  temperature  range: 

1.  Metals  (iron,  manganese). 

2.  Metal  nitrides  (titanium  and  magnesium  nitrides). 

3.  Metal  oxides. 

The  resulting  multiphase  system  is  separated  comparatively 
easily  by  clarification  and  treatment  with  nitric  acid.  The  re¬ 
sult  is  a  material  that  contains  up  to  90*  titanium  nitride  and 
whose  composition  renders  it  suitable  for  use  as  a  soluble  anode. 
Electrolytic  refining  of  this  material  produced  a  cathodic  metal 
containing  98-9 9%  Ti;  it  could  be  converted  into  high-grade  metal 
by  secondary  refining. 

A  considerable  amount  of  work  has  now  been  done  on  the  elec¬ 
trolytic  refining  of  titanium  nitrides,  carbides,  oxy carbides, 
oxycarbonitrides ,  and  lower  oxides  of  titanium  obtained  for  ores 
and  prepared  synthetically  [56,  57,  59,  107,  118,  121-125]-^ 

Hickman  and  Willes  [124]  found  that  the  best  material  for 
electrolytic  refining  is  a  carbide  containing  11-13*  C.  Their 
work  was  done  with  the  following  electrolysis  parameters:  elec¬ 
trolyte  composition,  an  equimolar  mixture  of  potassium  and  sodium 
chlorides  with  a  small  lithium-chloride  additive;  titanium  dl- 
chloride  concentration,  2-3-51;  temperature,  675-750° C.  The 
product  was  highly  purified  titanium  with  a  hardness  of  90-110  HB 
units. 

An  American  patent^  gives  the  following  conditions  and  re¬ 
sults  for  electrolytic  refining  of  titanium  carbide  that  had 
first  been  briquetted  with  pitch  and  coked  at  1000°C  for  2  hours. 
Initial  carbides:  '69%  Ti,  31-0*  C,  0.12*  Pe,  79-2*  Ti,  20.2*  Pe. 
Electrolysis  temperature  850° C,  anodic  current  density  0.23-0. 3 
A/cm2,  cathodic  density  2. 1-2. 4  A/cm2.  Titanium  extraction  72- 
75*  in  the  best  experiments;  hardness  196  HB. 


Footnotes  (5)  and  (6)  are  on  page  661. 
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TABLE  53 

Process  Data  for  Titanium  Carbide  Electrolysis 


4  ..J  ^url{y 

^  .  contentj_ 

, contmt _  it  cathodic 

In  anode, X  aiactrolyta  |gi{  g  g  natal, X 

ill  II  «1TT. 


m  M  10,1a 
as  m  i,ii 
»  n  ».a 

SM  1,1 
M  1,01 


,  Jtff,  o<m  } 

primary  carbide 
ua+ica  >  *  o.2 

i  s  &g 

M0  Her*;  t.s  M  o|S 

.cathodic  natal  .after 


0,4  0.0  M0 

o.s  o.s  m 

0.02  0.M  SN 
0,3  0.2  m 

9,os  o.is  ur 


cathodic  net 
electrolytic 

tstza.  g 


0.02  1  0,09  1  0,» 
0.00  0,00  0,11 


*Calculated  for  trivalent  titanium. 


The  authors  of  [121]  refined  porous  sintered  TiC  briquettes 
in  various  electrolytes  (chloride  and  chloride-fluoride)  at  85C>0C. 
The  electrolyte  contained  from  3  to  5 t  of  titanium  ions.  It  was 
shown  that  the  titanium  is  released  from  the  anode  predominantly 
in  tha  form  of  trl valent  ions.  The  authors  subjected  the  product 
obtained  by  the  TIC  electrolysis  to  secondary  refining.  The  re¬ 
sults  of  these  experiments  are  given  in  Table  53* 

Electrolytic  refining  of  titanium  nitride  must  be  carried 
out  in  a  current  of  inert  gas  to  remove  the  nitrogen;  as  a  result, 
titanium  nitrides  containing  more  nitrogen  than  the  mononitride 
do  not  form  under  the  conditions  of  electrolysis,  and  the  nitro¬ 
gen  is  evolved  into  the  gaseous  phase  as  the  titanium  dissolves. 

In  the  best  experiments,  met.U  containing  0.03*  of  N2  was  obtained 
by  a  single  electrolytic  refining  of  synthetic  titanium  nitride 
[118]. 

Several  stages  are  required  for  the  electrolytic  refining 
of  titanium  monoxide.  In  the  first  stage,  refining  produces  ti¬ 
tanium  sesquloxlde  TijO^  at  the  anode.  When  all  of  the  titanium 
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monoxide  has  been  converted  Into  this  product.  It  begins  to  refine 
electrolytlcally,  with  formation  of  almost  stoichiometric  titan¬ 
ium  dioxide  at  the  anode.  The  cathodic  metal  then  contains  0.2- 
o. 3%  of  o2. 

The  electrolytic  refining  of  titanium  nitrides,  carbides, 
and  monoxide  proceeds  at  voltages  somewhat  higher  (by  0.5-0. 8  V) 
than  the  refining  of  titanium  scrap.  Good  refining  is  obtained 
in  a  sodium-chloride  or  mixed  sodium-potassium-chlorlde  melt.  The 
anodic  current  densities  should  not  exceed  0.2-0. 5  A/cm  ;  at 
higher  current  densities,  titanium  tetrachloride  is  formed  and 
evolved  from  the  electrolyzer  in  the  form  of  puffs  of  white 
smoke . 

Processing  the  Cathoda  Deposits 

Electrolysis  results  in  titanium  crystals  that  are  usually 
strongly  bonded  to  the  cathode  and  to  one  another  and  are  to  some 
degree  cemented  together  by  salts.  This  material  must  be  sepa¬ 
rated  after  extraction  from  the  electrolyzer.  There  are  now  two 
basic  methods  -  hydro metallurgical  and  distillation  —  for  sepa¬ 
rating  the  salt  and  the  metallic  deposit. 

In  the  former  method,  the  cathodic  deposit  is  crushed  and 
ground  and  then  treated  with  dilute  (0.5-1*)  hydrochloric  acid 
solution.  Three  such  treatments  are  the  optimum,  with  an  over¬ 
all  liquid :solld  ratio  ranging  from  9  to  12  (depending  on  the 
proportions  of  salt  and  metal  in  the  deposit) .  The  hydrochloric- 
acid  treatment  is  followed  by  water  washing,  which  can  be  carried 
out  either  in  mixers  or  directly  on  the  filters.  Treatment  with 
water  on  the  filters  is  broken  off  when  no  more  chlorine  ion  can 
be  detected  in  the  filtrate;  then  the  material  is  washed  with  a 
drying  reagent  (e.g.,  ethyl  alcohol)  and  dried  in  vacuum  drying 
cabinets  at  50-60 °C. 

If  the  cathode  deposit  contains  large  amounts  of  electrolyte 
(50*  or  more),  it  is  advisable  to  melt  the  electrolyte  out  of 
the  deposit  prior  to  hydrometallurgical  treatment  or  (after 
crushing  and  grinding)  to  separate  the  salt  and  metal  in  a  cur¬ 
rent  of  nitrogen,  an  operation  for  which  any  aeration  equipment 

FTu-KC-2 3“ 


can  bo  used.  This  reduces  substantially  the  amount  of  hydrochlo¬ 
ric  acid  that  must  be  used  to  wash  the  deposits. 

The  salt  is  separated  from  the  metal  by  distillation  under 
conditions  and  in  apparatus  similar  to  those  used  to  purify 
metailothermlc  reaction  mass. 

The  hydrometallurgical  treatment  is  more  advantageous  for 
a  coarse-grained  titanium  deposit. 
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Chapter  26 

ELECTROLYZERS  FOR  PRODUCTION  AND  REFINING 
OF  TITANIUM 

The  process  In  which  titanium  Is  produced  by  electrolysis  of 
fused  media  has  a  number  of  peculiarities,  which  Impose  certain 
requirements  on  electrolyzer  designs.  Principal  among  these  are 
the  following: 

1.  Because  of  the  high  reactivity  of  titanium  and  its  com¬ 
pounds  of  lower  valence,  electrolysis  must  be  conducted  In  equip¬ 
ment  that  works  In  an  inert-gas  atmosphere. 

2.  The  aggressiveness  of  the  lower  titanium  chlorides  and 
fluorides  with  respect  to  a  broad  range  of  materials  makes  it 
necessary  to  use  structural  materials  that  ere  highly  resistant 
to  corrosion  and  difficult  to  reduce. 

3.  High-quality  titanium  crystals  form  in  a  relatively  nar¬ 
row  range  of  ratios  of  titanium  concentration  in  the  electro?.yte 
to  cathodic  current  density. 

These  factors  and  a  number  of  others  make  it  necessary  to 
conduct  the  ele'ctrolysis  under  conditions  such  that  the  process 
becomes  nearly  continuous. 

Insoluble-anode  work  involves  a  number  of  specific  diffi¬ 
culties  and  disadvantages: 
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1.  Electrolysis  of  chlorides  and  fluorides  proceeds  with 
liberation  of  chlorine j  this  necessitates  thorough  protection 
not  only  of  the  parts  of  the  equipment  that  come  into  contact 
with  the  electrolyte,  but  also  those  situated  above  it. 

2.  The  evolution  of  chlorine  or  chlorocarbons  increases  the 
danger  of  secondary  oxidation  or  chlorination  of  the  cathodic 
deposits  and  the  lower  titanium  chlorides  present  in  tiie  melt. 

The  process  most  be  carried  out  at  relatively  low  volume  current 
densities. 

3.  Insoluble-anode  electrolysis  requires  a  higher  voltage 
on  the  electrolyzer's  terminals. 

The  soluble-anode  process  can  be  conducted  at  very  low  elec¬ 
trolyzer  terminal  voltages  and  without  the  evolution  of  chlorine 
at  the  anode.  High  volume  current  densities  are  used,  so  that 
the  work  can  be  done  in  small  baths.  However,  this  process  is 
characterized  by  a  specific  difficulty  consisting  in  the  need  to 
replace  the  anodic  material. 

Special  difficulties  are  encountered  in  the  storage,  pruifi- 
cation,  and  transfer  of  the  electrolyte,  for  which  special  equip¬ 
ment  is  required. 

These  basic  peculiarities  and  difficulties  of  electrolysis 
technology  must  be  taken  into  account  in  selecting  electrolyzer 
designs. 

Bath  material  and  lining.  Numerous  studies  concerned  with 
selection  of  bath  materials  and  linings  for  work  with  insoluble 
anodes  Indicated  that  it  is  advisable  to  use  stainless  steel  for 
the  shell  of  the  bath;  its  Inner  surface  is  protected  with  dense 
graphite  or  by  creating  a  slag  lining  of  electrolyte  on  the  cooled 
walls  of  the  bath.  The  conditions  under  which  the  liner  is  formed 
are  selected  individually  for  each  bath.  This  gives  rise  to  an¬ 
other  difficulty:  control  of  temperature  inside  the  bath.  It 
has  been  reported  that  type  18/8  steel  with  5 %  Mo  may  be  quite 
stable  in  insoluble-anode  work  [41].  However,  use  of  this  mate¬ 
rial  will  require  additional  research.  In  rare  cases,  electro¬ 
lyzers  are  lined  with  some  of  the  most  stable  ceramic  materials. 
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Type  18/8  steel  can  be  used  as  a  bath  material  in  soluble-  j 

anode  work.  A  pressure-tight  bath  made  from  this  material  may  ; 

last  for  up  to  one  year.  i 

Bath  shape.  This  is  determined  basically  by  the  shape  of  j 

the  cathode.  Circular-section  baths  may  be  regarded  as  the  aim-  j 

plest  and  more  convenient  types  for  electrolyzers  working  with  ) 

currents  up  to  10  kA.  However,  use  of  rectangular-section  bath3 
is  not  excluded  for  specific  cathode  types.  Bath  dimensions  are  j 

determined  on  the  one  hand  by  the  design  features  of  the  bath  j 

(method  of  extracting  the  cathode  deposit,  etc.)  and,  on  the 
other,  by  technological  technological  parameters,  chiefly  cur-  i 

rent  density. 

It  may  be  assumed  as  a  first  approximation  that  an  anodic 

p 

current  density  of  0.1-0. 4  A/cm  is  adequate  for  soluble-anode 
work. 

Mutual  positioning  and  shape  of  electrodes.  The  influence 
of  the  relative  positions  of  the  electrodes  on  the  course  and 
stability  of  the  electrolysis  process  and  the  quality  of  the 
cathode  deposits  has  been  determined  as  a  result  of  numerous  ex¬ 
periments.  Various  electrode  shapes  that  were  acceptable  from 
the  standpoint  of  design  convenience  and  optimum  retention  of 
the  electrolytic  deposits  on  the  cathodes  were  investigated. 

Some  of  the  simplest  electrode  position  and  shape  options  are 
represented  schematically  in  Fig.  134. 

Practical  experience  has  shown  that  if  the  optimum  electroly¬ 
sis  conditions  are  observed,  it  becomes  unnecessary  to  use  shaped 
cathodes,  since  the  cathode  deposits  are  bonded  strongly  to  smooth 
electrodes.  During  electrolysis  (especially  with  soluble  anodes), 
an  effort  must  always  be  made  to  obtain  the  most  uniform  distribu¬ 
tion  of  the  electric  field  over  the  surface  of  the  electrode  and 
to  enclose  the  cathode  in  the  anode  to  the  extent  possible,  since 
higher  cathodic  current  densities  require  heavy  ion  influxes. 

Thus,  it  can  be  stated  that  the  electrode  shapes  and  posi¬ 
tions  3hown  in  Fig.  134,  c,  f,  and  g,  will  be  most  efficient. 
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Pig.  134.  Electrode  shapes  and  relative  positions,  a) 
plate  anode,  plate  or  rod  cathode,  square-section  bath; 
b)  plate  anode,  plate  cathode,  square-section  bath;  c) 
plate  anode,  plate  or  rod  cathode,  square-section  bath; 
d)  plate  anode,  plate  or  rod  cathode,  square-section 
bath;  e)  cylindrical  anode,  annular  cathode,  circular- 
section  bath;  f)  hollow-cylinder  anode,  rod  cathode, 
round-  or  square-section  bath;  g)  hexagonal  anode,  rod 
cathode,  circular-  or  square-section  bath;  h)  hexago¬ 
nal  anode,  spherical  cathode,  circular-  or  square-sec¬ 
tion  bath;  i)  anoie  at  bottom,  cathode  at  top;  k)  con¬ 
tainer-type  cathode;  1)  needle  cathode,  circular-section 
bath;  a)  coab  cathode;  n)  cup  anode;  0)  hollow-cylinder 
anode,  shaped  cathode. 
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Figure  3 3^1  indicates  electrode  relative  positions  for  com¬ 
pact  anodes.  However,  blocks  of  pressed  metal  (rods,  plates) 
and  loose  material  (sponge,  fragments,  briquettes),  which  are 
placed  in  perforated  baskets  made  from  iron,  graphite  or  nickel, 
may  also  be  used  as  soluble  anodes.  A  very  wide  variety  of  rela¬ 
tive  electrode  arrangements  may  be  used  in  work  with  insoluble 
anodes . 

Delivery  of  material  into  electrolyzer.  Delivery  of  the 
material  for  electrolysis  is  comparatively  simple  in  insoluble- 
anode  work.  The  carbon  tetrachloride  is  fed  directly  into  the 
bath  through  pipes.  Lower  titanium  chlorides  can  be  poured  into 
the  melt  together  with  the  alkali-  or  alkaline-earth  chlorides 
from  the  container  in  which  the  electrolyte  is  prepared  in  ad¬ 
vance  and  stored. 

It  is  convenient  to  load  solid  titanium  oxides  and  hexa- 
fluorotltanate  into  the  electrolyzer  both  at  the  beginning  of 
electrolysis  and  during  the  process,  using  hermetic  feeders;  the 
same  applies  for  the  case  of  loose  solid  anodes. 

Work  with  compact  soluble  anodes  requires  special  devices 
for  their  introduction  into  the  electrolyzer  and  extraction  of 
the  depleted  material.  The  anode  may  be  either  endless  (ribbon, 
rod)  or  handled  with  various  types  of  special  clamping  mechanisms. 
Extraction  of  the  anodic  sludge  is  a  difficult  problem  in  elec¬ 
trolysis  with  bulk  soluble  anodes. 

Unloading  the  cathodic  product.  It  is  most  desirable  to 
produce  cathodic  deposits  that  are  quite  strongly  bound  to  the 
cathode,  since  these  deposits  may  be  contaminated  by  the  anodic 
sludge  if  they  drop  off  the  electrode  of  themselves;  additional 
metal  losses  are  also  possible.  A  deposit  bound  to  the  cathode 
can  be  unloaded  either  by  dropping  it  into  special  hoppers  (using 
cutting  devices  or  vibrators)  or  by  changing  cathodes  during 
electrolysis. 

Some  of  the  methods  used  to  unload  the  cathodic  product  are 
illustrated  schematically  in  Fig.  135. 
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Figure  135*  Schematic  diagrams  showing  re¬ 
moval  of  cathode  deposit  from  electrolyzer, 
a)  Cathode  deposit  cut  off  inside  electroly¬ 
zer  by  knives  1  and  removed  with  air-lock 
receiver  2;  b)  cathode  sealed  off  from  elec¬ 
trolyzer  1  and  chamber  2,  which  is  filled 
with  inert  gas  or  evacuated;  c)  cathodic 
deposit  cut  off  by  knives  1  in  melt  2  and 
removed  from  electrolyzer  with  receiver  3 
and  lock  *. 

Temperature  control.  Experiments  have  shown  that  tempera¬ 
ture  may  be  self-regulating  in  the  electrolytic  process.  However, 
furnaces  or  electrode  heaters  are  necessary  to  preheat  the  bath 
and  maintain  temperature  with  minimum  expenditure  of  direct  cur¬ 
rent.  Resistance  and  gas-fired  furnaces  can  be  U3ed. 

Stabilization  of  concentration  in  the  cathode  layer  of  elec¬ 
trolyte.  In  soluble-anode  work,  concentration  is  stabilized  in 
the  electrolyte  basically  by  adjusting  the  distance  between  the 
electrodes  and  their  relative  positions.  In  work  with  Insoluble 
anodes,  concentration  is  maintained  by  regular  infeed  of  material. 

Method  of  establishing  contact  between  current  lead-ins  and 
electrodes ♦  This  question  is  of  particular  importance  in  view  of 
the  fact  that  the  electrodes  must  be  moved  during  the  process 
(clipping  the  cathode  deposit,  extracting  cathodes,  etc.).  There 
are  two  possible  approaches.  In  the  first,  flexible  current  leads 
(ribbons,  woven  straps,  etc.)  are  permanently  connected,  while 
the  second  uses  liquid  contacts  through  molten  metals  and  alloys 
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(soft  solder.  Wood’s  alloy). 

Both  contacting  metnods  have  acquitted  tneraselves  well; 
either  may  therefore  be  selected  on  the  basis  of  the  electroly¬ 
zer's  design  features.  In  most  cases,  the  anode  voltage  can 
be  applied  to  the  shell  of  the  bath. 

Process  control.  A  single  thermocouple  and  temperature 
controller  are  adequate  for  temperature  control.  The  most  im¬ 
portant  control  needed  in  the  electrolysis  process  is  measurement 
of  the  concentration  of  the  titanium-containing  compound  in  the 
electrolyte.  This  can  be  done  by  tapping  during  the  process  for 
chemical  analysis  or,  in  the  case  of  a  stable  process,  by  meas¬ 
uring  back  emf’s,  which  reflect  quite  accurately  any  concentra¬ 
tion  changes  that  take  place  in  the  bath. 
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Figure  136*  Electro¬ 
lyzer  for  production 
of  titanium  from  TiCl^. 


Figure  137.  Electro¬ 
lyzer  for  production 
of  titanium  from  its 
oxides. 


Monitoring  of  the  inert-gas  pressure  in  the  electrolyzer 
is  mandatory  to  prevent  penetration  of  air  into  it  and  to  secure 
the  process.  Electrolyte  level  changes  during  electrolysis,  and 
this  requires  periodic  replenishment  and,  consequently,  devicos 
for  monitoring  electrolyte  level. 

When  titanium  tetrachloride  is  used,  special  devices  must  be 
provided  to  monitor  its  flow  rate. 

Many  different  bath  designs  have  now  been  proposed.  Some  of 
them  are  laboratory  types,  some  have  been  built  as  seml-induatrial 
installations,  and  some  have  been  designed  as  industrial  versions. 
Schematic  diagrams  of  intermittent-type  electrolyzer  designs  are 
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given  In  Pigs.  136-138. 

The  first  design  (Fig.  136)  is  in¬ 
tended  for  electrolysis  of  lower  titanium 
chlorides.  It  consists  of  a  ceramic  bath 
that  receives  anode  1,  which  is  surrounded 
by  ceramic  diaphragm  4,  and  two  cathodes 
-  cathode  2  for  preliminary  reduction  of 
TiCljj,  which  is  enclosed  in  diaphragm  k, 
and  cathode  3»  on  which  electrolytic  ti¬ 
tanium  powder  is  formed. 


Titanium  oxides  are  electrolyzed  in 
the  second  electrolyzer  (Pig.  137).  Bath 
1  is  made  of  graphite  and  has  a  graphite 
partition  2.  Loose  titanium  dioxide  is 
placed  on  the  floor  of  the  bath  on  one 
aide  of  the  partition,  and  anode  3  ie  introduced  through  hermetic¬ 
ally  sealed  plug  into  the  electrolyte  above  it.  Cathode  b  is 
Introduced  into  the  cathode  apace.  The  bath  is  heated  by  heating 
elements  5- 


Figure  138.  Labora¬ 
tory  electrolyzer 
for  production  of 
titanium  from  solu¬ 
ble  anodes. 


Figure  139*  Electrolyzer  for  pro¬ 
duction  of  titanium  from  soluble 
anodes  at  5000  A. 


Graphic  Not  Reproduce lo 


Figure  140.  10,000- 
aapere  electrolyzer 
for  production  of  ti¬ 
tanium  from  soluble 
anodes . 
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Ilf  Figure  142 .  External 

appearance 

amper 

HIHHHHHHHH  The  third  electrolyzer  (Fig. 

Figure  141.  External  138)  18  de8isned  for  electrolysis 
appearance  of  5000-  with  soluble  anodes.  A  perforated 
anpe.e  electrolyzer.  cylinder  or  cup  2  is  placed  in 

graphite  cup  1,  which  serves  as  the 
anode.  The  material  to  be  electrolytically  refined  is  sprinkled 
into  the  space  between  the  cylinder  walls  and  the  graphite  cup. 
Cathode  3  is  Introduced  into  the  perforated  cylinder. 

All  three  types  of  electrolyzers  are  enclosed  in  hermetic¬ 
ally  sealable  metal  cases  with  pressure-tight  covers  and  packed 
entrances  for  the  electrodes. 

Figures  139-142  show  diagrams  and  photographs  of  intermit¬ 
tent  semi-industrial  electrolyzers  for  work  with  soluble  anodes. 

The  firsc  electrolyzer  (Fig.  139)  consists  of  stainless-steel 
bath  1  and  cover  2,  which  seals  it  hermetically.  Cover  2  has 
holes  at  the  bottom  for  insertion  of  anode  4  and  cathode  3»  Two 
dishes,  6  and  7,  whiuh  are  filled  with  soft  solder  and  connected 
to  the  dc  source,  are  placed  on  the  floor  of  the  cover,  which  is 
lined  w.\th  asbestos  cement.  Anodes  4  in  the  fora  of  compact  speci¬ 
mens  or  loose  material  between  the  walls  of  a  cylindrical  perfor¬ 
ated  basket  are  passed  through  the  hole  in  the  base  of  cover  2. 

Cathode  3  is  fitted  with  a  plate  that  covers  the  hole  in  the 
bottom  of  cover  2.  The  shank  of  blade  5»  which  is  used  to  cut 
off  the  cathode  deposit,  passes  through  a  hole  in  this  plate. 
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The  anode  and  cathode  have  lugs  that  fit  into  dishes  6  and  7. 

A  container  with  a  sliding  floor  for  collection  of  the  cathode 
deposit  is  fitted  at  the  side  of  cover  2.  As  the  cathode  is 
lifted,  cutter  5  bears  against  the  top  of  cover  2  and  shears  off 
thr  deposit,  which  drops  onto  sliding  floor  8.  The  work  of  the 
bath  is  done  when  all  of  the  anode  material  has  been  depleted. 

The  electrolyte  is  then  displaced  by  argon  pressure  through  the 
drainpipe  into  an  auxiliary  container  and  the  electrolyzer  is 
reloaded.  This  electrolyzer  works  with  5000  amperes  of  current. 

The  second  electrolyzer  (Pig.  140) ,  a  11,000-A  version,  is 
based  on  low-carbon-steel  tank  1,  which  is  enclosed  in  liner  2 
[109].  Two  water-cooled  cylindrical  cathc-'  chambers  3,  each 
with  two  cam-type  vacuum  slides,  two  anode  chambers  4  with  cam 
slides  and  hoppers,  and  a  central  chamber  for  introduction  of  the 
heater  are  welded  into  the  top  of  the  tank. 

The  bath  heater  consists  of  a  steel  spiral  and  four  steel 
electrodes . 

Before  starting  work,  the  bath  is  filled  with  the  anodic 
material  and  granulated  sodium  chloride  through  the  central  :.Dle; 
then  the  heater  is  bolted  on,  a  certain  part  of  the  electrolyte 
is  premelted  with  the  steel  starter  spiral,  and  melting  is  com¬ 
pleted  with  the  electrodes.  Temperature  is  controlled  by  raising 
and  lowering  the  electrodes.  After  melting  and  cooling,  lump 
electrolyte  (NaCl  +  TiClg)  is  added  tc  the  bath  and  the  melting 
process  is  repeated. 

Then  the  cathode-chamber  slides  are  opened,  the  cathode  is 
lowered  into  the  bath,  and  the  negative  terminal  is  connected  to 
it.  The  positive  terminal  is  connected  directly  to  the  tank. 
During  electrolysis,  the  lower  vacuum  slide  covers  almost  the 
entire  cross  section  of  the  cathode  chamber. 

During  the  work,  anodic  material  and  electrolyte  are  fed 
into  the  bath  through  the  previously  evacuated  and  helium-filled 
anode-chamber  hoppers  with  the  vacuum  slide  open. 

The  cathode  deposits  are  extracted  into  the  cathode  chamber 
and  cut  off  the  cathode  with  a  cylindrical  cutter. 
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Work  on  the  design  and  construction  of  various  electrolyzer 

designs  is  continuing  without  letup.  The  proposed  electrolyzers 

include  highly  original  models.  One  American  patent^ ^  describes 

an  electrolyzer  that  works  at  temperatures  >l600°C  to  produce 

molten  titanium;  the  author  of  [913  proposes  a  continuously 

extracted  cathode  on  which  a  semisintered  deposit  of  metallic 

titanium  is  formed  at  very  high  current  densities.  An  interest- 

(2) 

ing  electrolyzer  is  proposed  in  the  British  patent.  The  elec¬ 
trolyzer  consists  of  three  compartments  separated  by  walls  that 
do  not  reach  up  to  the  surface  of  the  anode.  The  anode  is  a 
fused  metal  (Sn,  Pb ,  etc.),  which  circulates  through  all  compart¬ 
ments.  Scrap  is  loaded  into  the  anode  in  the  first  compartment ; 
an  anxiliary  cathode  is  also  used  here  to  collect  impurities. 

Pure  titanium  is  deposited  on  the  working  cathode  in  the  second 
compartment.  The  third  compartment  serves  for  removal  of  sludge. 
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Footnotes  (1)  and  (2)  are  on  page 
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Chapter  V 

DEVELOPMENT  Or  TITAHIUri  DIOXIDE  PKODUCTIOn 
AND  ITS  PROPERTIES 

The  chloride  metallurgy  that  made  it  possible  to  produce 
titanium  tetrachloride  after  dressing  titanium-containing  raw 
materials  has  opened  broad  prospects  for  large-scale  Industrial 
production  not  only  of  metallic  titanium,  but  also  of  titanium 
dioxide,  production  of  which  has  been  developing  rapidly  in  re¬ 
cent  years 

The  production  of  pigment  titanium  dioxide  in  the  capitalist 
countries,  which  was  only  about  1  thousand  tons  per  year  in  1920, 
had  increased  to  about  10  thousand  tons  by  1930  and  reached  102 
thousand  tons  in  1939  [13- 

The  influx  of  investment  into  the  production  of  titanium 
dioxide,  which  stopped  temporarily  during  the  Second  world  Mar, 
resumed  at  the  end  of  the  war  and  grew  to  substantial  dimensions. 
In  1952,  the  capacity  of  the  capitalist  countries  to  produce  ti¬ 
tanium  dioxide  was  estimated  at  about  1100  thousand  tons,  and 
wove  than  half  of  it  was  American  capacity  [1],  The  actual 
amounts  of  titanium  dioxide  produced  in  the  USA  during  recent 
years  have  been  as  follows:  1413  thousand  tons  in  1950,  456  thou¬ 
sand  tons  in  1961,  about  479  thousand  tons  in  1962  and  1963,  508 
thousand  tons  in  1964,  and  520  thousand  tons  in  1965.  The  ex¬ 
pected  1966  production  of  titanium  dioxide  in  the  USA  is  585  thou¬ 
sand  tons  E2,  3]. 
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Substantial  further  expansion  cf  titanium  dioxide  production 
capacity  has  been  reported;  the  figure  for  th.  capitalist  world 
is  put  at  about  1.5  million  tons  per  year.  The  production  capa¬ 
city  of  the  USA,  which  was  1)20  thousand  tons  in  1957,  had  risen 

to  61)0  thousand  tons  in  1962  m,  and  it  was  estimated  at  about 

700  thousand  •***»  j 

a  .  ,  jit  naa  aireacy  reached  the 

level  that  American  experts  had  predicted  only  for  1970  [2]. 

The  Japanese  are  also  giving  a  great  deal  of  attention  to 
the  development  of  titanium  dioxide  production  capacity.  The 
total  productive  capacity  of  Japanese  firms,  which  was  61  thou¬ 
sand  tons  at  the  end  of  i960,  was  to  increase  to  113  thousand 
tons  in  1965  [5]. 


Principal 

the 


TABLE  51) 

Producers  of  Titanium  Dioxide  in 
Capitalist  Countries  [1] 

Countries  in  which  the 
firm's  plants  are  located 


National  Lead 
Dupont  de  Nemours 
British  Titan  Pro¬ 
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dioxide,  which  was  31  thousand  ton3  at  the  ond  of  .1961  [l],  had 
increased  by  18  thousand  tons  by  the  end  of  1962;  TiD0  product! cn 
capacity  was  to  be  doubled  in  this  country  during  the  next  few 
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A  number  of  titanium  dioxide  production  plants  have  been 
built  or  planned  in  recent  years  in  West  Germany  and  other  coun¬ 
tries  of  western  Europe,  as  well  as  In  Canada,  Argentina,  ard 
certain  Asian  and  African  countries  [5-133* 

Host  of  the  titanium  dioxide  production  capacity  of  the 
capitalist  world  is  concentrated  in  the  hands  of  a  small  number 
of  giant  monopolies  (Table  51*) . 

As  we  see  from  Table  5^,  only  three  large  corporations  - 
National  Lead,  Dupont  de  Nemours,  and  British  Titan  Products  — 
account  for  about  60S  of  the  capacity  of  the  capitalist  countries 
to  produce  this  material. 

Until  very  recently,  the  industrial  production  of  titanium 
dioxide  was  cased  or.  the  sulfuric-acid  process  for  refining  il- 
menite  concentrates,  which  will  be  discussed  below.  However, 
this  method  has  very  serious  technological  shortcomings  and  is 
inapplicable  to  many  types  of  raw  materials,  e.g.,  concentrates 
with  higher  contents  of  chromium  and  other  coloring  impurities, 
leucosene-  ur.i  rutile-containing  concentrates,  which  dress  poorly, 
and  certain  other  forms  of  raw  material.  Technological  flow 
charts  that  are  free  of  these  deficiencies  are  therefore  urgently 
needed,  "his  requirement  is  met  by  a  method  based  on  dressing 
of  titanium-containing  concentrates  by  the  chloride  method,  with 
conversion  of  the  resulting  titanium  tatrachloride  into  the  dio- 
side.  We  shall  show  below  that  among  the  possible  variants  of 
titanium-dioxide  production,  the  greatest  advantages  accrue  to 
the  reaction  of  titanium  tetrachloride  with  oxygen  in  the  so- 
called  "combustion"  of  TlCl^,  which  permits  the  design  of  a  highly 
productive  closed-cycle  continuous  titanium  dioxide  production 
process  with  return  of  the  chlorine  that  is  evolved  into  the  cycle 
for  chlorination  of  the  titanium-containing  starting  material. 

The  method  in  which  titanium  dioxide  is  produced  from  TiClj, 
no©  2*g3£n&ly  attracted  serious  EttcHtion  in  various  countries* 
and  in  the  USA  in  particular. 
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Dupont,  which  has  spent,  according  to  reports  that  have  ap¬ 
peared  in  the  periodical  literature,  15  million  dollars  on  de¬ 
velopment  of  a  technology  for  this  process  [1*0,  has  set  up  the 
production  of  titanium  dioxide  by  this  method  at  several  plants. 
This  company's  plant  at  New  Johnsonville,  Tennessee,  which  manu¬ 
factures  titanium  dioxide  from  TiCl^,  has  a  production  capacity 
of  about  60  thousand  tons  per  year.  At  the  Edgemoor,  Delaware 
plant,  which  has  an  annual  capacity  of  65  thousand  tons  of  titan¬ 
ium  dioxide,  some  of  the  product  is  also  made  from  TiCl^.  A  new 
plant  was  recently  constructed  at  Antioch,  California  for  produc¬ 
tion  of  titanium  dioxide  fcy  the  3ame  method  [43]. 

At  the  end  of  1964,  the  Cabot  Corporation  began  chloride- 
method  operations  at  a  plant  at  Ashtabula,  Ohio,  which  has  a 
capacity  of  18  thousand  tons  of  titanium  dioxide  per  year  [43]. 
Cabot  purchased  a  license  from  the  French  firm  de  Thann  et  de 
Mulhouse  for  production  of  titanium  dioxide  by  this  method  in 
the  USA,  Canada,  and  Mexico. 


American  Potash,  which  originally  planned  the  construction 
of  a  plant  for  tne  production  of  titanium  dioxide  by  an  improved 
sulfuric-acid  method  [15],  subsequently  decided  to  convert  to  the 
chloride  method,  which  yields  Ti02  of  higher  quality  [2,  16]. 


According  to  recently  published  data  [43],  this  firm  has  a 
plant  with  a  capacity  of  22.7  thousand  tons  of  TiO^  per  jcar  — n 
the  shakedown  phase.  American  Cyanamid  had  plans  to  complete 
construction  in  1965  on  a  plant  with  the  3ame  capacity  at  Savan¬ 
nah,  Georgia.  Two  more  firms  -  National  Lead  and  Pittsburgh 
Plate  Glass  are  adapting  a  chloride  method  for  production  of 
titanium  dioxide  at  their-  o«n  pilot  plants.  National  Lead  plans 
to  construct  a  plant  with  a  capacity  of  18  thousand  tons  of  ti¬ 
tanium  dioxide  per  year  at  Sayrevill*,  New  Jersey  [43].  i-cus, 
literature  data  indicate  that  recent  American  expansion  of  capa¬ 
city  and  erection  of  new  titanium-dioxide  plants  have  been 
oriented  practically  exclusively  to  the  chloride  method,  whose 
economy  indicators  are  on  a  par  with  those  of  the  sulfuric-acid 
method  and  which  yields  a  higher-grade  product.  Published  re¬ 
ports  [68]  indicate  that  the  capital  outlay  required  to  build 
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chioriae-method  plants  is  20J  lower  tnan  that  required  for  sul¬ 
furic-acid  installations. 

Outside  the  USA,  the  chloride  method  has  also  attracted  at¬ 
tention  in  other  foreign  countries  -  Prance,  Great  Britain,  West 
Germany,  and  others,  which  are  engaged  in  pilot-plant  testing 
and  organization  of  industrial  titanium  dioxide  production  on 
the  basi3  of  this  method. 

Thus,  as  we  noted  above,  the  French  firm  de  Thann  et  de  Mul- 
house,  which  developed  a  technology  for  production  of  titanium 
dioxide  from  TICJ^  at  its  Thann  plant  [17],  sold  a  license  to  the 
American  firm  Cabot  for  the  production  of  titanium  dioxide  by 
this  method.  Plans  call  for  use  of  the  chloride  method  to  pro¬ 
duce  about  half  (20  thousand  tons)  of  the  ^5  thousand  tons  of 
new  titanium  dioxide  production  capacity  to  be  developed  in  Prance 
over  the  next  few  years  [6]. 

In  Great  Britain,  a  patent  for  the  production  of  the  dioxide 
from  titanium  tetrachloride  has  been  taken  out  by  the  firm  La- 
porte  Industries,  which,  to  Judge  from  certain  reports  [2,  15], 
has  joined  forces  with  American  Potash  in  the  construction  of  a 
chloride-process  plant  at  Mojave,  California. 

The  problem  of  producing  titanium  dioxide  from  TiCl^  is 
closely  related  to  that  of  producing  metallic  titanium,  since  the 
principal  technological  steps.  Including  the  acquisition  of  ti¬ 
tanium-rich  concentrates  or  slag  smelting  and  the  production  and 
purification  of  titanium  tetrachloride,  are  the  same  in  the  pro¬ 
duction  of  both  metallic  titanium  and  its  dioxide.  Where  neces¬ 
sary,  this  makes  it  possible  to  combine  production  of  the  metal 
and  titanium  dioxide  at  the  same  plant. 

This  structuring  of  the  plant  may  afford  certain  advantages, 
waving  two  products  instead  of  one  permits  a  sharp  increase  in 
the  scale  on  which  the  titanium-containing  raw  material  is  con¬ 
verted  to  TiCi^,  from  which  either  product  can  be  made,  with  the 
consequent  lowering  of  the  net  cost  of  thv  titanium  tetrachloride 
and  both  of  ‘he  final  products.  It  also  gives  the  plants  flexi¬ 
bility  for  response  to  variations  in  demand,  in  that  the 


percentage  of  the  titanium  tetrachloride  used  to  make  either  of 
these  final  products  can  be  regulated,  increasing  the  output  of 
one  of  them  at  the  expense  of  the  other. 


Certain  Prsp^rtiss  and  Applications 


Pure  titanium  dioxide  is  a  white  powder;  on  heating,  it  ac¬ 
quires  &  lemon-yellow  color,  which  disappears  again  when  it  coo'". 
Titanium  dioxide  is  chemically  inert  and  practically  immune  to 
attack  by  reagents  -  dilute  mineral  acids,  hydrogen  sulfide,  sul¬ 
fur  trioxide,  organic  acids.  Its  solubility  in  alkalies  is  negli¬ 
gible.  Selow  we  list  the  solubilities  of  titanium  dioxide  in 
aqueous  solutions  of  alkalies  [20],  in  mg/100  ml  of  solvent: 

HaOH: 


10* . 

*  t  : 

t  s  * 

.  .  .  20-25 

36* . 

•  *  i 

t  «  *  i 

.  .  ,  60-100 

KGH: 

10* . 

*  •  i 

i  *  • 

.  .  .  ?on_3sn 

30* . 

«  •  i 

►  #  • 

.  .  .  700-900 

KHCQj,  saturated.  .  . 

•  •  « 

►  *  • 

.  .  .  7000 

Na„C0„,  saturated  .  . 

•  • 

i  •  • 

.  ,  insoluble 

x2co3f 

saturated  ..... 

•  • 

»  •  • 

.  .  .  .  300 

30* . 

•  • 

>  •  • 

.  .  .  .  20 

NaHCO-,  10* . 

•  • 

*  •  » 

.  .  .  .  250 

Appreciable  amounts  of  titanium  dioxide  dissolve  in  fused  borax 
and  phosphates  [21].  It  can  be  dissolved  by  prolonged  heating 
with  concentrated  sulfuric  acid  (the  solubility  of  TiOy  decreases 
with  rising  calcining  temperature) ,  by  reaction  with  hydrofluoric 
aclu,  or  by  melting  it  with  potassium  Disuirate.  TiO-  is  a  poly¬ 
morphous  oxide  that  is  encountered  in  nature  in  three  mineralogi- 
eal  forms  with  distinctive  crystalline  habits:  rutile,  anatase, 
and  brooklte.  Of  these  three  modifications  of  Ti02,  brookite  is 
unstable  and  practically  never  used. 

The  characteristics  of  rutile  and  anatase  are  given  in 
Tables  29  and  55 • 
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TABLE  55 

Characteristics  of  Rutile  and  Anatase  Modifications 
of  Titanium  Dioxide  [18,  IQ] 

Characteristics 


RUTILE 

Structure,  lattice  constants,  % 

Entropy,  cal/(mole*deg) 

Enthalpy,  cal/mole 

Molecular  heat  capacity, 
cal./ (mole  *  deg) 


Tetragonal;  a  *  4.58,  c  ■ 
*  2.95 

12.0  ±  0.05 
<4®-!Ke*  Ki  1-7— Hi..  = 

'  I  **718 

t*  I7.07r-i.njj.  ip-3  ***  a.  4,35  x 
x!0*r-'-6«* 

(36— isuO*  K)  C,  «  17,21  +  1,06  X 

y.io-’r-a.sj.^r-* 


ANATASE 

Structure,  lattice  constants ;  X 

Entropy,  cal/Cmole'deg) 

Enthalpy,  cal/mole 

Molecular  h'at  capacity, 
cal/ (mole* deg) 


Tetragonal;  a  >•  3.78,  c  - 
*9.49 

11.93  *  0.01 

=  17,81 1  +  #.«•  I0-*  T*  +  4.»X 
x  to'r-'-erar 

( 38—1300*  K)C,  » 17. 14  +0.98X 

xW*sr-s.ao-urr~s 


A  product  of  anatase  or  rutile  structure  is  usually  produced 
in  the  manufacture  of  titanium  dioxide.  As  we  see  from  Table  55, 
both  cf  these  modifications  have  the  same  crystallographic  struc¬ 
ture,  but  different  lattice  parameters;  the  latter  are  responsible 
for  their  property  differences. 


Roasting  to  metatitanic  acid,  the  basic  intermediate  product 
in  t£e  production  of  titanium  dioxide,  which  is  produced  by  hydro¬ 
lyzing  titanium  solutions,  first  produces  anatase,  which  is  con¬ 
verted  to  rutile  as  the  temperature  Is  raised  further. 


The  structural  change  undergone  by  titanium  dioxide  on  heat¬ 
ing  is  of  exceptional  importance  for  its  practical  use.  The  tem¬ 
perature  range  and  rate  of  the  transformation  depend  on  the  method 
used  to  make  the  product  and  its  impurity  content.  Thus,  meta¬ 
titanic  acid  produced  by  hydrolysis  of  titanium  chlorides  and 
nitrates,  i.e.,  compounds  with  a  univalent  anion  (Cl~,  NCO ,  is 
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converted  to  rutile  much  more  easily  than  acid  produced  by  hy- 

drolvslfl  of  ««n"f,at-®a  1  a  nnnm/Mm^a  f  K  4*Un  44  «.n1  «tWl>  OA^ 

•  •  -  j  •-.»!.»  «M«ww  HOVti  VttV  wtx  v  UAUIl  V  UV|| 

anion.  While  metatltanic  acid  obtained  by  hydrolysis  of  aqueous 
titanium  chloride  rtftlnfclnns  1?i  .-criv®r.f  ®?1  £«  Ttuf'-ri®  ~:H  ncr.^^D 

-  - - — —  .  >..**.  t|M*  WV  .  IA]/.U.j 

even  at  around  500°C,  a  temperature  about  300  degrees  higher  is 
required  for  the  same  intermediate  product  when  it  is  produced 
by  hydrolysis  of  sulfate  solutions  [22].  The  rutile-transiticn 
temperature  of  metatitanic  acid  prepared  by  hydrolysis  or  titan- 

4  tim  en  1  ^n4- a  n  <«^4  *.  r jj  i.  j  ,  J  .  _  j  .  . 

A1A1M  OIA-LX  avc  ouiuuxuuu  ucpcuuo  Ofi  2C  Uwiiux  bj.uii3  uiiytr  iviuvit  IfliC 

acid  formed.  Thus,  mefcati  tanic  acid  f*T*ORl  dilut*  * C 1 U ~ 

tions  is  transformed  to  rutile  on  roasting  at  850°0?  while  acid 
Obtained  from  concentrated  solutions  iinrlAricrr.®.!  4-V.®  frtnmftfl  /*r 


only  at  950°C  [22],  For  pure  metatitanic  acid  with  no  impurities, 
the  anatase-rutile  transition  temperature  lies  in  the  6l0-730°C 
range,  and  the  conversion  is  very  rapid  at  the  upper  limit  [23]; 
on  the  other  hand*  as  we  noted  above,  metatitanic  acid  prepared 
by  sulfate  hydrolysis  undergoes  the  transition  only  in  the  850- 
950°C  range,  apparently  because  of  the  presence  of  basic  sulfates 
or  sulfate  ions  that  have  been  trapped  by  adsorption. 


When  certain  impurities  are  present,  the  anatase-rutile 
transition  may  not  take  place  even  at  higher  temperatures.  For 
example,  not  only  SO^,  but  also  the  presence  of  a  small  amount 
of  impurity  Si02  in  anatase  inhibits  its  transformation  to  ru¬ 
tile,  as  does  the  presenoe  of  HC1  in  the  surrounding  atmosphere 
[211].  However,  it  would  be  advantageous  to  lower  the  temperature 
range  of  the  ana 'case-rutile  transition  in  view  of  the  detrimental 
influence  of  high  roasting  temperature  on  the  pigment  properties 
of  the  titanium  dioxide.  Thi3  can  be  done  by  using  titanium  di¬ 
oxide  with  additives  of  alkali  vanadates,  K2Cr20^,  oxides  of 
aluminum,  magnesium,  zinc,  bismuth,  antimony,  calcium,  or  barium, 
or  even  water  vapor  and  deposits  having  the  structure  of  rutile 
[22,  25],  Some  of  these  additives,  such  as  aluminum  oxide,  not 
only  promote  rutilization,  but  also  substantially  increase  the 
weathering  ability  of  the  pigment;  this  makes  it  advantageous  to 
introduce  about  1%  of  AlgO^  on  the  weight  of  the  T102  as  an  addi¬ 
tive  [26].  The  phvsicotechnical  properties  of  rutile  arc  also 
strongly  affected  by  modifying  its  surface  with  certain  compounds'. 
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For  example.  It  has  been  shown  that  application  of  aluminum  and 
silicon  compounds  to  the  surface  of  rutile  improves  its  intensity, 
lowers  its  photochemical  activity,  and  improves  its  resistance 
to  sunlight  and  weather. 

The  structural  chances  of  titanium  dioxide  during  hentlnar 

“  -  —  "w  -  - 

were  studied  in  [273  by  electron  diffraction,  differential  thermal 
analysis,  x-ray  structural  analysis,  and  electron  microscopy. 

It  was  established  in  this  investigation  that  the  activation 
energy  of  th$  2nEt sss *rut i Is  trsnsition  dspsnd$  on  th$  5 i z©  of 
whc  snstssc  particles  j  the  sniciller  the  p er tioles  *  the  oiuallep  the 
activation  energy  necessary  to  convert  anaiase  to  rutile. 

mu  .  ..  .  /»  «.U  .  .  ..  .  U A.  •  -  t.  ...  .  .  A A.  »  ...  ...  . 

*i»^  Mucbiuo  ui  one  onaoaac-ruoxxc  iransi uxniauxun  were  re-® 
cently  studied  in  detail  by  Japanese  investigators  [28],  who 
measured  dielectric  constants  for  the  purpose  (in  consideration 
of  the  fact  that  anatase  and  rutile  differ  substantially  in  this 
property).  The  studies  were  made  on  specimens  of  pure  titanium 
dioxide  and  specimens  containing  lithium  and  potassium  chloride 
additives;  they  were  heated  at  various  temperatures  in  various 
environments . 


The  authors  report  that  the  conversion  of  anatase  to  rutile 
begins  in  the  750-800° C  range  in  pure  titanium  dioxide  specimens. 
The  kinetic  Indicators  of  the  process  correspond  to  a  first-order 
equation.  As  determined  by  the  authors,  the  activation  energy 
of  the  conversion  for  pure  titanium  dioxide  in  air  is  110-116 


rpVtA  »*«fi 


f  a  f  Ko  v*n4-  -f  1  * 


modification  is  higher  in  an  atmosphere  of  oxygen  than  in  air; 
under  these  conditions ,  the  process  activation  energy  i3  92 
kcal/mole.  When  1%  of  lithium  chloride  is  introduced  into  titan¬ 
ium  dioxide,  the  activation  energy  of  the  conversion  is  150 
kcaJ /mole. 


Other  studies  have  also  been  devoted  to  grain  growth  and 
phase  transformations  during  calcination  of  titanium  dioxide.  In 
[29],  for  example,  the  influence  of  calcining  temperature  and 
small  amounts  of  various  oxide  additives  on  the  phase  transfor¬ 
mations  was  determined  for  titanium  dioxide  prepared  by 
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decomposing  titanium- ammonium  sulfate,  titanium  oxalate,  and  ti¬ 
tanium  hydroxide. 


When  titanium  dioxide  is  heated  in  an  oxidizing  atmosphere 
to  moderately  high  temperatures  (to  approximately  600°C),  it  ac¬ 
quires  a  yellowish-brown  color,  which  vanishes  on  cooling.  How¬ 
ever,  calcining  at  excessively  high  temperatures  (above  950°C) 
should  be  avoided,  since  partial  thermal  dissociation  of  the 
TiO^  and  the  appearance  of  the  colored  lower  oxides  of  titanium 
may  cause  an  irreversible  change  in  the  color  of  the  rutile  - 
yellowing  or  darkening  [22,  25].  use  of  excessive  temperatures 
in  calcining  rutile  should  also  be  avoided  because  of  the  danger 
of  sintering  and  reerys tail! zat ion  of  the  dioxide  particles,  the 
result  of  which  is  a  pigment  of  inferior  quality  1.30]. 


TABLE  56 


Comparison  of  the  Basic  Physicotechnieal  Properties 
of  Titanium  Dioxide  and  Other  White  Pigments 


Pigment 
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lithopone  •  .  .  . 
lead  whiting’ 
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!•* 

3.* 

6.7-e.a 

2.76 

2.66 

2.03 

1.84 
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5—7 

5,5—8 

0.3-0.20 

0.12-4,0 

0,2— 2,3 

*6.* 

065 

90.7 

27.8 

n 

n 

«.i 

5,5 

3.1 

carbonate) 


Note.  Covering  power  for  painting  over  black  3trip. 

Titanium  dioxide  is  used  in  a  number  of  industrial  branches. 
However,  one  of  the  principal  users  of  commercial  titanium  dioxide 
is  the  paint  industry,  which  absorbes  no  less  than  half  of  the 
total  amount  produced. 

As  Table  56  indicates,  the  extensive  use  of  titanium  dioxide 
in  the  paint  industry  results  from  the  superiority  of  the  basic 
physicotechnieal  properties  of  rutile  and  anatase  over  those  of 
other  white  pigments  [25],  its  lack  of  toxic  effects,  its  chemi¬ 
cal  inertia,  and  its  high  resistance  to  atmospheric,  chemical. 
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and  photochemical  factors. 

We  see  from  the  data  given  in  Table  56  that  the  covering 
power  of  titanium  dioxide  is  several  times  greater  than  those  of 
ether  white  pigments;  this  makes  it  possible  to  economize  greatly 
on  materials  and  labor.  The  high  covering  power  is  a  result  of 
the  high  refraction  coei ficlent  and  optimum  particle  size  of  ti¬ 
tanium  dioxide. 

The  color  of  titanium  dioxide  is  trongly  influenced  by  var¬ 
ious  impurities,  and  this  must  be  taken  into  account  in  its  pro¬ 
duction.  Certain  impurities  are  effective  even  at  very  small 
contents;  this  is  not  only  because  of  mechanical  mixing,  but  also 
because  of  the  crystal-lattice  distortion  that  they  cause.  Table 
57  presents  data  on  the  influence  of  impurities  on  the  color  of 
titanium  dioxide  [22]. 

TABLE  57 

Influence  of  Impurities  on  the  Color  of  Titanium  Dioxide 


Smallest  amount  of 

Oxide 

Color  laparted 

visually  discernible 
color,  g/1  of  T10. 

CoO 

A'*nO* 

ft 

browaish-yaUov  .... 
greyish  yellow  . 

3-10-* 

Mir* 

3-S8-; 

no-* 

MO-* 

greyish  yellow . 

. 

As  we  see  from  Table  57,  the  whiteness  of  titanium  dioxide; 
is  lowered  most  sharply  by  the  chromium  impurity.  Anata3e  and 
rutile  have  different  sensitivities  to  contamination  by  coloring 
impurities.  Tnus,  while  anatase  remains  white  at  a  0.009*  Fe203 
content,  rutile  becomes  yellowish  even  at  a  0.003*  content  of 
this  impurity  [31].  This  is  explained  by  the  different  responses 
of  the  crystal  lattices  of  the  two  titanium  dioxide  modifications 
to  oxides  of  impurity  elements,  which  are  isomorphous  with'  rutile 
in  most  cases  and  are  Incorporated  Into  its  crystal  lattice. 

Thus,  for  example,  an  Fe,0,  Impurity  gives  rutile  the  yellowish 
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TABLE  58 


Technical 

Pigment 


Soectficatl nn«  fnr,  o _ _ 

Titanium  Dioxide  in  Anatase  and  Rutile  Forms 


or 


Property 

R 

Standard 

^or  tvne3 

A-l 

AV 

i. 

R-l 

R-01 

-R~JS 

•  anh^fwawi  tin4f*  \  ... 

—  **.*«.rf  “•*!*>/ W  )  a i\j  xcoo 

than  (in  range) 

M.O 

95—27 

1  *6,0 

*4.0 

94.0 

M,  a 

ITitanium  dioxide  content,  %, 

■not  below 

si 

Si 

i  *i.5 

88,5 

96 

88 

■  Rutile—  form  content.  4 

woe 

uex  l 

ned 

!  » 

OK 

i  <5 

Moist.ijr*  urnitonf  C  u~t _ 

i 

1 

•  — -  -  ~  9  —  j  *»vv  w'vxvrr 

Water-soluble  salt  content,  <, 

0,5 

0,5 

!  °.» 

0.8 

0.8 

0.* 

not  above 

0.5 

0,5 

0.3 

0.5 

0.3 

0.5 

pH  of  water  extract 

6,5-8 

1,5-7,! 

6.5-8 

8.5-8 

6,5-8 

6,5-0 

Oil  number,  g  of  oil  to  100  g  of 
pigment ,  not  above 

Not  de 

fined 

so 

*1 

ss 

2$ 

Whitening  power,  arbitrary  units, 
not  below 

30  | 

1  > 

1*00 

1800 

I860 

1690 

Covering  power,  converted  to 
dry  pigment,  g/m2,  not  above 

1150 

»  9 

40 

40 

40 

40 

Residue  after  wet  screening  on 

No,  00^5K  screen,  %t  not  above 

48 

0.1 

0.05 

«.* 

0,06 

0.08 

Content  of  particles  smaller 
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coloration  characteristic  for  an  isomorphous  mixture,  while  it 
turns  anatase  the  characteristic  light  pink  associated  with  fer¬ 
ric  oxide  [22].  The  sensitivity  of  rutile  to  contamination  by 
oxides  of  iron  and  other  coloring  elements  (chromium,  copper, 
vanadium,  manganese,  and  others)  also  results  in  part  from  its 
distinct  (by  comparison  with  anatase)  phototropism  -  its  ability 
to  turn  dark  and  yellow  in  sunlight  and  recover  its  original 
whiteness  in  the  dark  [32,  333-  Phototropism  is  observed  only 
in  titanium  dioxide  specimens  that  are  contaminated  with  oxides 


of  coloring  elements,  and  does  not  occur  inppure  TiO^.  According 
to  literature  data  [32 ].  this  effect  is  due  to  a  reversible  proc¬ 


ess  in  which  ac-me  of  the  oxygen  is  released  from  the  Ti02  (under 
exposure  to  sunlight)  and  converts  the  impui*ity  elements  to  higher 


oxides . 


Titanium  dioxide  is  currently  being  produced  in  both  modifi¬ 
cations  -  anatase  and  rutile.  In  conformity  to  the  approved  stan¬ 
dard  (GOST  Q808-65),  the  Soviet  industry  is  producing  the  follow¬ 
ing  grades  of  pigment  dioxide:  A-l,  AV,  and  A-01  in  the  anatase 
form  and  R-l,  R-01,  and  R-02  in  the  rutile  form. 

The  first  two  types  of  anatase  titanium  dioxide  are  un¬ 
treated,  while  the  third  type  is  subjected  to  surface  treatment 

with  aluminum  and  silicon  compounds. 

Grade  R-l  rutile  titanium  dioxide  is  untreated,  R-01  is 
treated  with  aluminum  and  silicon  compounds ,  and  R-02  is  treated 
with  compounds  of  aluminum,  silicon,  and  zinc. 

The  principal  physicochemical  properties  of  these  grades 
must  conform- to  the  specifications  and  norms  given  in  Table  58. 

A  comparison  of  the  properties  of  rutile  and  anatase  indi¬ 
cates  the  superiority  of  rutile,  which  has  been  responsible  for 
its  pieferential  use  by  the  pigment  industry.  The  most  important 
advantage  of  rutile  over  anatase  is  its  lower  photochemical  ac¬ 
tivity.  The  current  view  [22]  is  that  the  chalking  and  fading  of 
paint3  is  due  to  their  photochemical  activity,  which  stimulates 
oxidation  of  the  surface  layer  of  the  coat  under  exposure  to  light 
and  moisture.  For  this  reason,  rutile  whites  are  mere  color-fast 


t-han  anatase  whites  when  tns  coatings  arc  exposed  to  the  atmos¬ 
phere  [25]*  Rutile  is  quite  comparable  with  all  types  of  ve¬ 
hicles.  The  effects  of  rutile  whitings  on  the  paint  film  are 
much  weaker  than  those  of  anatase  whitings,  and  this  reduces 
chalking  (a  process  in  which  vehicle  is  released  from  the  film 
under  exposure  to  light,  chiefly  in  the  ultraviolet)  and  peeling 
of  the  coat . 

\ 

Along  with  its  superiority  over  anatase  as  regards  resistance 
to  weathering,  rutile  also  has  disadvantages,  including  a  definite 
if  slight  yellowish  tint  in  the  coatings;  this  is  due  to  its 
lesser  ability  to  reflect  light  in  the  violet  and  blue  parts  of 
the  spectrum  [25].  This  is  because  of  the  previously  noted  more 
compact  arrangement  of  the  atoms  in  the  crystal  lattice  of  rutile 
and  its  higher  density  and  refractive  index.  This  deficiency  can 
be  eliminated  by  addition  of  tinting  colors. 

It  has  been  established  that  various  type?  of  surface  treat¬ 
ment  applied  to  titanium  dioxide  -  using  white  or  colorless 
oxides,  ailioates,  silicones  and  other  compounds,  have  selective 
effects  on  specific  properties  of  the  pigment  [3**]-  For  example, 
treatment  with  aluminum  hydroxide  and  silicon  improves  the  resis¬ 
tance  of  the  coatings  to  light  and  weather,  treatment  with  sili¬ 
cones  waterproofs  the  coatings  and  improves  their  resistance  to 
humidity,  and  so  forth.  The  treated  pigments  are  much  easier  to 
disperse  in  the  vehicle  and  rub  free  of  lumps.  In  view  of  the 
high  hardness  of  rutile,  this  is  of  substantial  importance  in 
reducing  wear  and  increasing  productivity  in  paint-grinding 
machines . 

Aside  from  the  paint  industry ,  which  is,  as  we  noted  above, 
one  of  the  principal  users  of  titanium  dioxide,  it  is  also  applied 
in  a  number  of  other  branches  where  its  use  offers  substantial 
advantages.  Thus,  titanium  dioxide  is  used  in  the  metallurgical 
industry  to  produce  titanium-containing  hard  alloys.  In  the  syn¬ 
thetic-fiber  industry,  TiOg  is  used  to  matte-finish  artificial 
silk.  In  the  paper  industry,  titanium  dioxide  makes  paper  white 
and  opaque,  thus  permitting  the  manufacture  of  thinner  and  lighter 
papers.  In  the  glass  industry,  TiCg  is  used  to  produce  special 
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(thermostable  and  ultraviolet-transparent)  types  of  glass.  The 
high  dielectric  constant  of  titanium  dioxide  (78  for  anatase  and 
up  to  180  for  rutile)  makes  possible  its  use  for  the  manufacture 
of  high-grade  dielectrics  for  capacitors  and  radio  apparatus  [22]. 
TiOg  is  also  used  in  electric  welding  to  coat  welding  wires  and  in 
a  number  of  other  engineering  branches. 

It  is  reported  that  the  paint  industry  of  the  USA,  which  is 
a  major  producer  of  titanium  dioxide,  used  as  much  as  60%  of  the 
entire  output  in  I960  [1].  The  approximate  figures  for  the 
amounts  of  titanium  dioxide  used  by  other  branches  were  as 
follows:  paper  industry  1*!?,  rubber  industry  5% »  plastics  indus¬ 
try  oS,  leather  industry  2%,  textile  industry  3-5*»  electric 
welding  (welding-wire  coating)  i-5*,  others  8*. 

The  following  distribution  of  titanium  dioxide  use  among  the 
various  fields  of  application  was  reported  in  West  Germany  for 
the  same  year  [35 3:  paint  industry  more  than  40*,  plastics  pro¬ 
duction  11*,  paper  Industry  9$,  porcelain  Si,  textiles  7%,  rub¬ 
ber  6. St,  leather,  synthetic  fibers,  and  other  materials  6$, 
welding  electrodes  3.5%,  other  fields  of  application  about  9%. 

According  to  recently  published  aata  [b9J,  the  paint  indus¬ 
try  remained  the  largest  field  of  application  for ’titanium  dioxide 
in  the  USA  in  1965,  consuming  55*  of  the  total  amount  used  in  that 
country.  In  that  year,  titanium  dioxide  use  was  distributed  as 
follows  among  the  other  fields  of  application:  paper  20.7*,  floor 
coverings  (linoleum,  etc.)  ^.7*,  rubber  M.2J,  plastics  2.6*, 
graphic  arts  2.1*,  remainder  divided  among  other  fields  of  appli¬ 
cation. 
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Chapter  2S 

BASIC  METHODS  OF  TITANIUM  DIOXIDE  PRODUCTION 
The  Sulfuric-Acid  Method 

A  number  of  chemical  methods  have  been  proposed  for  process¬ 
ing  titanium-containing  raw  materials  into  titanium  dioxide.  With¬ 
out  dwelling  here  on  a  description  of  these  methods,  which  are 
set  forth  in  a  number  of  literature  sources  [20,  36,  37,  67,  and 
others]  and  are  not  part  of  the  subject  matter  of  this  book,  we 
note  only  that  the  most  widespread  method  of  TiO^  production,  and 
the  one  on  which  the  industrial  technology  of  this  compound  was 
based  almost  exclusively  until  quite  recently  both  in  the  USSR 
and  abroad  is  the  sulfuric  acid  method.  It  can  be  used  to  refine 
llmenlte  concentrates  and  the  titanium  slags  obtained  on  reductive 
electric-arc  melting  of  these  concentrates. 

For  comparative  evaluation  of  the  method  in  which  titanium 
dioxide  is  produced  directly  from  TiCl^  with  the  sulfuric-acid 
method,  let  us  briefly  discuss  the  basic  features  of  the  latter 
method. 

The  aulfuric-acid  method  is  a  con?) lex  multistage  process. 

However,  the  numerous  technological  operations  (Fig.  1*13)  can,  in 
principle,  be  reduced  to  three  basic  stages:  dressing  of  the  raw 
material  to  produce  titanium  sulfate  solutions  and  purification 
of  these  solutions;  hydrolysis  of  the  solutions  to  produce  titan¬ 
ium  hydrates;  roasting  of  the  hydrates  to  convert  them  to 
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Per  the  first  stage  of  the  process  —  the  production  of  ti¬ 
tanium  sulfate  solutions  -  the  titanium-containing  raw  material 
(ilroenite  concentrates,  s’ags)  are  ground  fine  and  treated,  with 
heating  and  vigorous  agitation,  with  sulfuric  «*»«»«•  d" 

V  W  I  •«»»«  WM**w«*v  MVAMf  UwV  Wlll|/V«J  A  V  AWt 


or  the  titanium  and  iron  oxides  results  in  formation  of  the  sul¬ 
fates  of  these  elements  in  accordance  with  the  following  thermo- 


ehemi cai  equations ; 


T*M|  +  HjSO,  -  TtOSO,  +  H.O  +  5,8  keal. 

FeO  +  H^04  m  FeSO,  +  H,0  +  29.0  kcal, 

Fe,Oj  +  3H.SO,  -  Fe,  (SO,),  +  3H,0  +  33,8  kcal. 

The  exothermic  heat  of  all  of  these  reactions  and  the  heat  liber¬ 
ated  on  addition  of  water  to  the  concentrated  sulfuric  acid  help 
the  acid  break  the  raw  material  down. 


(1) 

(2) 
(3) 


Depending  on  their  acidity,  which  is  characterized  by  the 
acid  factor/1*  the  titanium  sulfate  solutions  may  vary  in  sta- 
bility*  The  so-called  unstable  solutions  become  turbid  and  form 
a  sediment  even  on  standing  for  a  short  time,  while  stable  solu¬ 
tions  can  be  stored  for  a  long  time  without  undergoing  changes , 
Thus,  for  example,  titanium  sulfate  solutions  containing  120 
g/liter  of  T102  are  unstable  at  acid  factors  below  1.7-1. 8  and 
stable  when  the  factor  exceeds  1. 8-2.0  [22]. 

There  are  three  known  versions  of  the  periodic  process  in 
which  ilmenlte  is  decomposed  by  sulfuric  acid:  liquid-phase, 
Intermediate-phase,  and  solid-phase;  they  differ  in  the  concen¬ 
tration  of  the  sulfuric  acid  used  and  the  nature  of  the  decomposi¬ 
tion  products  formed  [36]. 

However,  the  solid-phase  process  is  most  commonly  used  in 
industrial  practice,  since  it  breaks  the  concentrates  down  most 
quickly  and  conpletely  and  produces  solutions  of  higher  basicity, 
thus  promoting  hydrolysis  and  making  it  easier  to  obtain  a  final 
product  of  higher  quality. 

Concentrated  sulfuric  acid  is  used  in  this  ilmenite-decom- 
posing  process,  so  that  the  temperature  of  the  reaction  mixture 


Footnote  (1)  is  on  page  7^0. 
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may  be  raised  quickly  to  190-220° C  (it  is  possible  to  obtain  a 
sharp  temperature  rise  by  adding  water  or  hydrolysis  acid  to  the 
concentrated  acid);  this  gives  a  fast  process  and  a  high  degree 
of  concentrate  decomposition,  of  the  order  of  9c— 9735*  After 
leaching,  the  resulting  titanium  sulfate  solutions  have  low  acid 
factors  (around  1.8).  Without  dwelling  on  the  technology  and 
® 3— ipine nt  cz  this  process,  which  arc  described  in  detail  in  the 

TOO  O  C.  OO  T  ««a  4<Ua«. 
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ilroenite-aecomposition  processes  have  been  proposed  along  with 
periodic  ones. 

One  of  these  methods  was  developed  in  Canada  by  N.  Solodukha 
(Continental  Titanium  Corporation).  In  the  Solodukha  process  [40], 
ilmenite  is  decomposed  with  40-45S  sulfuric  acid  produced  by  mix¬ 
ing  hydrolysis  and  fresh  acids.  The  process  is  run  at  254°C  and 


1  form 
solu- 


composi- 


sicity , 
.  final 


xture 


tor.  To  prevent  a  crust  from  forming  inside  the  reactor,  the 

5UlfU!*iC»*Ci(!  t'WSt-IVnt'  j «  *CCO™p?.ni by  vi£0!*0t!S  nnmn  circula¬ 
tion. 

This  method  has  advantages  over  the  prevailing  sulfuric-acid 
process.  Since  the  acid  can  be  dilute,  acid  formed  in  the  titan¬ 
ium  sulfate  hydrolyzing  operation  can  be  used  to  break  down  the 
raw  material.  The  continuity  of  the  process  lowers  capital  in¬ 
vestment  and  labor  costs.  As  is  noted  in  the  literature  [41], 
this  opens  the  way  to  lowering  the  cost  of  titanium  dioxide  by 
25— 30J  as  compared  with  the  existing  sulfuric— acid  process. 

The  principle  of  another  method  [22,  39 ]»  which  is  illustrat¬ 
ed  schematically  in  Pig.  144,  consists  in  decomposing  the  ilmenite 
in  a  twin-screw  mixer,  to  which  it  flows  through  a  pipe  in  the 
form  of  a  controllable  stream  or  fuming-acld  suspension’-'  that  has 
been  prepared  in  a  water-cooled  drum  with  a  stirrer.  Heat  is 
liberated  by  diluting  the  fuming  acid  with  water  to  a  90jt  H2S0jj 
concentration,  and  this  stimulates  the  decomposition  reaction, 
thickening  the  suspension.  The  melt  obtained  as  a  result  of  de¬ 
composition  solidifies  in  the  worm,  and  is  ground  up  and  sent  for 
leaching. 

Pootnote  (2)  is  on  page  740. 
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?igui?«  14*.  Diagram  of  con¬ 
tinuous  decomposition  of  il- 
Mnit*  concentrate  [22],  1) 
Titaniua  concentrate  hopper; 
2}  antimony  oxide  homer:  5} 
hatching  won;  4)  antimony 
oxide  batcher;  5)  fuming 
sulfuric  acid  reservoir;  6) 
submerged  pump;  7)  mixer  for 
fuming  sulfuric  add  and 
concentrate;  8)  air  lift; 

9)  batcher  for  mixture  of 
fuming  sulfuric  acid  and 
concentrate:  10}  water 
batcher;  11)  fuming  sulfuric 
acid  batcher;  12)  equipment 
for  continuous  decomposition; 
13)  gas-trapping  scrubber; 

X4)  fan. 


The  titanium  sulfate  solu¬ 
tions  obtained  after  leaching  of 
tne  melt  also  contain  ferrous  and 
ferric  sulfates.  To  prevent  pre¬ 
cipitation  of  trivalent  iron 
salts  into  the  deposit  together 
with  the  netatitanic  acid  during 
hydrolysis,  they  are  reduced  to 
the  divalent  form,  and  much  of 


fh,  «.«n  4 . 

. —  4  ~ 


,  4U  bU.'ll ,  VBIUOVCU 


from  the  solution  by  crystalliza¬ 
tion.  The  tri  iron  **resent 

in  the  solution  Is  reduced  with 
iron  filings  or  electrolytically 
until  the  solution  is  turned 
violet  by  the  trivalent  titanium 
ions  that  form  (until  it  contains 
the  equivalent  of  2-3  g/liter  of 
the  violet  can  appear 
only  when  all  of  the  iron  has 
gone  over  to  the  divalent  form. 
Then  the  FeSO^  is  removed  from 
the  solution  by  using  the  sharp 
drop  in  its  solubility  with  tem¬ 
perature.  The  solution  is  cooled, 
e.g. ,  to  -2°C  (with  a  cooling 
brine)  to  freeze  out  green  vitriol 


•7H20. 


At  this  temperature. 


20-22  g/liter  of  ferrous  oxide  re¬ 
mains  in  the  solution,  but  this  is  not  enough  to  Interfere  with 
subsequent  hydrolysis.  The  titanium  sulfate  solutions  obtained 
after  crystallization  of  the  green  vitriol,  which  contain  the 
equivalent  of  about  1*0-150  g/liter  of  TiOj ,  are  concentrated  and 
sent  for  hydrolysis. 

To  accelerate  the  operation  and  Improve  the  quality  (disper¬ 
sion)  of  the  resulting  hydrates ,  hydrolysis  is  carried  out  by 
boiling  in  the  presence  of  seed  crystals  from  titanium  sulfate 
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solutions  containing  no  less  than  190-200  g/liter  of  TiOg  and 
having  acid  factors  greater  than  2.  without  dwelling  here  on 
the  technological  conditions  of  hydrolysis  [22]  or  the  highly 
complex  mechanism  of  the  process  [$2],  we  note  only  that  this 
operation,  whose  net  equation  is  TiOSO^  +  2HgO  ♦  HgTiO^  +  HgSOjj 
results  in  formation  of  a  large  amount  (the  equivalent  of  about 
2  tons  of  the  monohydrate  to  one  tor.  cf  TiO 2  )  of  dilute,  20-221 
hydrolysis  sulfuric  acid  c«  ntaminated  by  ien  sulfate,  1-2*  of 
titanil  sulfate,  and  a  few  percent  of  other  sulfates;  this  is  a 
waste  product  for  whose  recycling  most  ni»nt«  mair*  no  provision. 

Prom  the  standpoint  of  utilising  the  hydrolysis  sulfuric 

interest  attaches  tc  a  proposal  for  s«ilfs  vising  ths  tivS««— 
lum-containiflg  materials  in  a  vertical  fluldlsed-bed  furnace, 
combining  breakdown  of  the  raw  material  with  concentration  of  the 
hydrolysis  acid  by  evaporation.  This  would  permit  breaking  the 
concentrates  down  m  a  continuous  process  and  produce  the  sul- 
fatlsatlon  product  In  granular  form,  thus  making  Its  subsequent 
refinement  easier. 

One  possible  way  to  utilise  the  hydrolysis  acid  might  be 
steaming  down  in  a  Noraak-type  apparatus  to  55*  concentration 
with  subsequent  utilisation  of  the  product  in  superphosphate  pro¬ 
duction. 

Up  to  95-96 *  of  the  Ti  goes  Into  the  precipitate  during 
hydrolysis,  and  the  metatitanic  acid  that  is  formed  sorbes  a  sub¬ 
stantial  amount  of  SO^.  The  metatitanic  acid  Is  then  washed, 
dried,  and  roasted,  which  results  in  elimination  first  of  the 
water  (at  200-300°C)  and  then  of  the  SOj  (at  500-800°C),  with 
formation  of  the  neutral  (pH  •  7)  product,  titanium  dioxide,  at 
about  850-900°C. 

The  byproduct  of  the  process  -  ferrous  sulfate  heptahydrate 
-  is  roasted  to  produce  the  monohydrate  PeSO^^O  and  ground. 

The  approximate  amounts  of  the  base  materials  used  in  the 
production  of  one  ton  of  titanium  dioxide  from  ilmenite  concen¬ 
trates  by  the  sulfurle-acid  process  are  as  follows  [22],  In  tons: 

Footnote  (3)  Is  on  page  7**0. 
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Ilmenlte  concentrate  (containing  42*  T102).  ...  3.1 

Sulfuric  acid  (monohydrate) . .  4. 0-4,5 

Iron  filings . 

As  we  noted  above,  titanium  slags  produced  by  ore-reduction 
smelting  or  ilmenlte  concentrates  may  also  serve  as  a  source  for 
TiOg  production.  Slags  are  used,  for  example,  at  the  rather  large 
Canadian  plant  (20,000  tons  of  titanium  dioxide  per  year)  recently 
placed  in  operation  near  Sorel  in  Quebec  [45], 

Data  available  in  the  literature  permit  a  comparative  tech¬ 
nical  evaluation  of  the  processes  in  which  the  dioxide  is  pro¬ 
duced  from  titanium  slegs  and  ilmenlte  concentrates  [44],  When 
titanium  dioxide  is  produced  from  slags  by  the  sulfuric -acid 
method,  the  solutions  obtained  after  leaching  out  the  titanium 
sulfate,  which  contain  about  190  g/liter  of  TiO,  with  low  Iron 
contents,  are  more  easily  hydrolyzed  than  in  the  case  of  llmenite- 
concentrate  processing.  The  resulting  hydrolysis  acid  contains 
only  about  9  g/liter  of  Fe;  which  makes  it  easier  to  regenerate. 
Moreover,  in  addition  to  the  high-titanium  slags  (80-85*  Ti02>, 
it  has  been  found  possible  to. convert  42-55*  (Ti02  equivalent) 
slags  into  titanium  dioxide.  This  opens  the  way  to  the  use  of 
slags  obtained  by  electrosmelting  of  titanoroagnetites  -  a  highly 
important  prospect,  since  the  USSR  has  large  reserves  of  ores  of 
this  type,  complex  processing  of  which  should  permit  extraction 
of  iron,  titanium,  and  other  valuable  components  from  them  simul¬ 
taneously. 

In  addition  to  ilmenlte,  the  USSR  also  has  a  number  of  other 
forms  of  titanium-containing  ores,  chiefly  composite  types,  that 
might  become  Important  sources  for  titanium  dioxide  production. 
These  sources  include  primarily  perovskite  and  sphans,  the  re¬ 
serves  of  which  are  very  large.  However,  the  conditions  of  dress¬ 
ing  of  perovskite  and  sphene  concentrates  with  sulfuric  acid  dif¬ 
fer  substantially  from  those  for  ilmenlte  or  slags,  since  the 
process  generates  a  large  amount  of  sludge  inlhe  form  of  calcium 
sulfate  or  a  mixture  of  this  sulfate  with  silica: 

CsO  •  Tip,  +  2H^0«-*Ti0S04+  C*S04  +  2H,0,  (4) 

<>0a«^-SK^  +  2H^-*,nOS0,  +  aSO4  +  SiO,  +  2H/>.  (5) 
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Sphene  is  broken  down  comparatively  easily  with  sulfuric  acid  [46]. 
On  boiling  for  12-16  hours  in  50?  HgSO^,  up  to  90?  of  the  TiOg 
goes  into  solution,  and  as  much  as  95?  is  dissolved  in  concentrat¬ 
ed  sulfuric  acid.  Perovskite  is  much  harder  to  break  down,  and 
its  decomposition  requires  excesses  of  sulfuric  acid;  however, 
this  raises  the  acidity  of  the  titanium  sulfate  solutions,  with 
the  result  that  they  become  unsuitable  for  the  production  of  pig¬ 
ment  (finely  dispersed)  grades  of  titanium  dioxide  [22].  l.V. 
Riskin  et  al.  established  conditions  that  make  it  possible  to  in¬ 
crease  the  degree  of  decomposition  of  perovskite  with  solutions 
of  normal  acidity,  but  conduct  of  the  process  is  greatly  compli¬ 
cated  by  sludge,  which  is  formed  in  large  quantities  -  approxi¬ 
mately  2.5-3  tons  per  ton  of  Ti02  [22]. 

Processing  of  these  raw-material  types  can  be  made  economic¬ 
ally  feasible  only  with  a  technology  that  provides  for  complex 
utilization  of  all  valuable  components.  The  literature  describes 
a  number  of  basic  Droceas  flou  charts  that  have  been  proposed  for 
processing  these  types  of  titanium-containing  raw  materials  [44, 
47-52].  Without  dwelling  here  on  these  processes,  we  note  only 
that  few  of  them  hnve  been  elaborated  to  the  industrial-testing 
and  adaptation  stages.  And,  until  recently,  other  forms  of  ore 
material,  such  as  rutile-  and  leucoxene-containing  concentrates, 
while  of  substantial  practical  interest,  have  not  yet  been  put  to 
use  because  of  the  difficulty  of  preparing  them  for  sulfuric-acid 
processing. 
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Among  the  ore  raw  materials,  therefore,  the  ilmenite  concen¬ 
trates  are  now  most  suitable  for  processing  by  the  sulfuric-acid 
method.  At  the  same  time,  it  follows  from  the  above  that  the 
existing  industrial  prone*"  In  which  titanium  dioxide  is  obtained 
from  ilmenite  by  aulfuric-acid  treatment  has  a  number*  of  impor¬ 
tant  drawbacks,  principal  among  which  are  the  complex  multistage 
flow  of  the  process  and  the  large  amount  of  sulfuric  acid  consumed, 
much  of  which  goes  unpreductlvely  into  the  formation  of  large 
amounts  of  wastes  -  iron  sulfate  (more  than  3  tons  of  the  hepta- 
hydrate  for  each  ton  of  Ti02)  and  dilute  (20-22?)  and  contaminated 
hydrolysis  sulfuric  acid. 
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It  is  also  necessary  to  note  that  the  development  of  large- 
scale  industrial  titanium  dioxide  production  by  the  sulfuric  acid 
process  requires  major  capital  investments  in  additional  sulfuric- 
acid  production  capacity. 

Thus,  along  with  improvement  of  the  existing  sulfuric-acid 
process  for  titanium  dioxide  production  from  ilmenite  concentrates 
or  titanium  slags,  serious  attention  must  be  given  to  new  and 
advanced  technologies,  most  important  among  which  are  method  for 
direct  production  of  this  compound  from  titanium  tetrachloride. 

Production  of  the  Dioxide  from  Titanium  Tetrachloride 

The  following  basic  processes  are  possibilities  for  produc¬ 
tion  or  titanium  dioxide  from  TiCl^: 

1.  Hydrolysis  of  titanium  tetrachloride  in  aqueous  solutions. 

2.  Hydrolysis  of  titanium  tetrachloride  in  steam  (vapor- 
phase  process). 

3.  Reaction  of  titanium  tetrachloride  with  oxygen  or  an 
oxygen-containing  gas  (the  "combustion"  process). 

Methods  other  than  the  above  have  also  been  proposed.  For 
example,  one  of  them  suggests  that  the  use  of  water,  steam,  or 
oxygen— containing  gas  be  eliminated  and  that  the  titanium  dioxide 
be  obtained  by  reacting  titanium  tetrachloride  with  sulfates  by 
the  reactions 

TiO,  +  3N*£Q,  -  DO,  +  (6) 

or 

TK24  +  20«S04  ~  TIO,  -f  KBsO,  +  250,.  (7) 

However,  neither  the  degree  of  titanium  tetrachloride  utilization 
nor  the  quality  of  the  titanium  dioxide  product  obtained  in  these 
processes  has  been  satisfactory. 

Production  of  Titanium  Dioxide  by  Hydrolysis  of  Titanium  Tetra¬ 
chloride  in  Aqueous  Solutions 

The  chemical  mechanism  of  titanium  tetrachloride  hydrolysis 
in  aqueous  solutions  makes  it  a  Mghly  complex  process,  in  which, 
depending  on  conditions  and  the  completeness  of  the  reactions, 
titanium  oxychlorides  and  hydroxychlorides  of  variable 
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composition  may  be  formed  [42,  53—56 3 •  To  produce  titanium  dio¬ 
xide  by  this  method,  it  is  first  necessary  to  prepare  aqueous 
solutions  of  the  titanium  chloride,  which  are  then  subjected  to 
hydrolysis.  In  preparing  these  solutions,  it  must  be  remembered 
that  on  dissolving  in  water,  titanium  tetrachloride  is  converted 
quickly  to  chloroxides  and  hydroxides  with  more  or  less  water  of 
hydration,  and  that  these  compounds  make  the  solution  initially 
turbid.  However,  then  can  be  redissolved  by  introducing  addi¬ 
tional  amounts  of  anhydrous  titanium  tetrachloride  Into  the  solu¬ 
tion  [42  j. 

Research  has  3hown  that  precipitation  is  promoted  by  a  sub¬ 
stantial  temperature  increase  during  hydration,  Tnus,  if  no  cool¬ 
ing  is  provided  during  solution  of  the  TiCl^,  the  solution  tem¬ 
perature  rises  above  100° C  until  the  titanium  concentration  has 
reached  the  equivalent  of  130  g/liter  of  the  dioxide  and  the 
equivalent  of  250  g/liter  of  hydrochloric  acid. 

As  dissolution  continues,  solution  temperature  decreases 
owing  to  the  evolution  of  hydrogen  chloride,  whose  heat  of  vapor¬ 
ization  exceeds  the  heat  of  solution  of  anhydrous  titanium  tetra¬ 
chloride.  Partial  elimination  of  the  hydrogen  chloride  also  ex¬ 
plains  why  the  molar  ratio  Ti:Cl  in  the  solution  usually  differs 
from  theory. 

The  literature  [42]  notes  that  better  results  are  obtained 
In  preparation  of  the  aqueous  titanium  chloride  solutions  if  di¬ 
lute  hydrochloric  acid  is  used  as  the  primary  advent  instead  of 
water.  In  this  case,  the  hydrogen  chloride  begins  to  evolve  at 
a  lower  temperature  as  the  titanium  tetrachloride  dissolves,  with 
the  result  that  overheating  of  the  solution  is  not  as  severe  and 
smaller  amounts  of  hydrated  deposits  settle  out.  To  eliminate 
local  hot  spots  during  preparation  of  the  titanium  chloride  solu¬ 
tion,  it  is  necessary  to  agitate  vigorously.  The  concentration 
of  the  resulting  clear  titanium  chloride  solutions  is  the  equiva¬ 
lent  of  about  350  g  of  Ti02  per  liter. 

The  principal  production  operation  in  this  process  -  hydro¬ 
lysis  of  the  aqueous  titanium  chloride  solutions  -  proceeds  in 
several  stages,  as  in  the  case  of  titanium  sulfates,  and  is 
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chemically  quite  complex.  Poly titanium  hydrates  and  oxides  with 
various  space  lattices,  which  sometimes  contain  chlorine  residues 
in  the  molecule,  form  during  hydrolysis.  This  hypothesis  is 
confirmed,  for  example,  by  the  fact  that  when  TiCijj  dissolves  in 
water,  the  viscosity  of  the  solutions  rises  sharply  in  a  manner 
not  consistent  with  the  actual  solubility  [42]. 

Hydrolysis  can  be  carried  out  in  two  ways  -  in  the  presence 
or  seed  crystals  or  by  dilution  of  the  concentrated  solutions. 

In  the  former  method,  seed  crystals  are  started  in  a  small 
portion  of  the  titanium  chloride  solution  after  lowering  its 
acidity  to  pH  »  2-3  by  neutralization  or  dilution,  and  then  the 
rest  of  the  solution  is  added;  hydrolysis  proceeds  quite  rapidly 
on  heating.  In  the  latter  method  (without  U3e  of  the  seed  crys¬ 
tals),  hydrolysis  is  initiated  by  introducing  the  concentrated 
titanium  chloride  solution  into  hot  water,  followed  by  boiling. 

In  the  final  analysis,  hydrolysis  results  in  formation  of 
metatitanic  acid,  which  is  then  roasted  to  obtain  titanium  dio¬ 
xide. 

Titanium  dioxide  produced  by  hydrolysis  of  titanium  tetra¬ 
chloride  from  aqueous  solutions  is  of  high  purity  if  a  purified 
starting  material  is  used.  Production  of  pigment  dioxide  by  this 
process  requires  less  purity  of  the  TiCl^  than  other  methods 
(paraphase *  or  combustion  in  oxygen-containing 
gas),  since  most  of  the  harmful  impurities  remain  in  the 
hydrolysis  hydrochloric  acid  solutions.  However,  it  must  be  re¬ 
membered  that  liquid-phase  hydrolysis  of  titanium  tetrachloride 
is  greatly  complicated  by  partial  suspension  of  the  precipitated 
hydrate;  it  is  quite  difficult  to  wash  the  chlorine  cut  of  this 
suspension  and  filter  it.  Moreover,  the  titanium  dioxide  pro¬ 
duced  by  this  method  has  comparatively  poor  pigment  properties. 

It  has  been  reported  [22]  that  the  pigment  properties  of  the  pro¬ 
duct  can  be  improved  by  hydrolyzing  titanium  chloride  solutions 
to  which  sulfuric  acid  or  sodium  sulfate  has  been  added  (in 
coounts  representing  20-30*  of  the  Ti02)  and  by  roasting  the  pro¬ 
duct  with  potassium  or  sodium  carbonate. 

•Translators  Note:  This  may  also  possibly  mean  vapor  phase. 
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In  addition  to  the  above,  it  must  be  borne  in  mind  in  evalu- 
atine;  aqueous-solution  hydrolytic  decomposition  of  titanium  tetra¬ 
chloride  that  it  involves  waste  in  the  form  of  dilute  hydrolysis 
hydrochloric  acid. 


Hydrolysis  of  titanium  tetrachloride  in  aqueous  solutions 
has  not  come  into  practical  use;  it  may  be  found  useful  only  for 
preparation  of  titanium  dioxide  of  high  purity  on  a  small  scale. 

Production  of  the  Dioxide  bv  Hydrolysis  of  Titanium  Tetrachloride 
in  Steam  (Vapor-Phase  Method) 

Like  that  of  aqueous-3olution  hydrolysis,  the  chemical  mecha¬ 
nism  of  titanium  tetrachloride  hydrolysis  in  the  vapor  phase  is 
quite  complex.  According  to  literature  data,  hydrolytic  decom¬ 
position  of  TiCl  ^  begins  Immediate!?  when  its  vapor  is  brought 
into  contact  with  steam;  oxy-  and  hydroxychlorides  of  tetravalent 
titanium  form  first  and  are  subsequently  converted  to  titanium 
dioxide  as  the  temperature  rises  [57,  58].  L.N.  Shchegrov  and 
Ya.Ye  Vil'nyan3kiy  [59,  60]  showed  that  in  the  125-^50°C  tempera¬ 
ture  range,  vapor-phase  hydrolysis  of  TiCljj  results  in  formation 
of  titanium  oxychlorides  and  hydroxychlorides  and  also  the  diox¬ 
ide,  the  content  of  which  in  the  products  increases  with  rising 
hydrolysis  temperature.  Complete  hydrolytic  decomposition  of  ti¬ 
tanium  tetrachloride  occurs  at  temperatures  above  500°C.  Under 
these  conditions,  however,  the  titanium  dioxide  initially  formed 
by  the  reaction  between  the  titanium  tetrachloride  and  the  steam 
is  in  the  anatase  rather  than  the  rutile  form;  this  form  is  grad  - 
ally  converted  to  rutile  only  on  holding  in  the  reaction  space  at 
temperatures  of  900°C  or  higher. 

In  addition  to  temperature  and  the  steam  excess,  the  degree 
to  which  the  titanium  tetrachloride  vapor  is  diluted  with  neutral 
gas,  such  as  nitrogen,  is  a  factor  with  a  strong  influence  on  the 
grain  size  of  titanium  dioxide  produced  by  the  vapor-phase  method. 
To  produce  pigment  titanium  dioxide  of  the  required  granulometric 
composition  (with  a  majority  of  the  grains  in  the  approximate 
size  range  from  0.2  to  0.3  um) ,  it  is  recommended  that  rather 
high  dilutions  (e.g. ,  5-6-fold)  be  employed.  However,  the  liter¬ 

ature  indicates  that  it  is  not  possible  even  then  to  prevent  the 
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formation  of  a  certain  amount  of  coarse-grained  product-  (up  to 
101)  that  is  unsuitable  for  use  as  a  pigment:  this  material  is 
a  waste  product  of  the  process. 

The  patent  literature  indicates  the  possibility  of  using 
various  technologies  to  produce  pigment  titanium  dioxide  by  vapor- 
phase  hydrolysis  of  TiCljj.  These  processes  can  be  reduced  to  the 
following  three  basic  variants  on  the  basis  of  their  temperature 
conditions : 

a)  a  low-temperature  process,  in  which  the  TiClj,  is  hydro¬ 
lyzed  and  the  reaction  products  are  subsequently  held  at  compara¬ 
tively  low  temperatures  (of  the  order  of  300-i»0n°n) : 

b)  a  combined,  or  two-stage,  process  in  which  the  TIClj,  is 
hydrolyzed  at  a  temperature  below  the  holding  temperture  of  the 
product,  e.g.,  400°C  (the  holding  temperature  is  at  least  900- 
1000oc) ; 

c)  a  high-temperature  process  in  which  the  TiClj,  is  hydro¬ 
lyzed  and  the  products  are  held  at  the  same  comparatively  high 
temperature  (not  below  900°C). 

A  number  of  patents  have  been  issued  for  processes  in  which 
titanium  tetrachloride  is  vapor-ohase  hydrolyzed  at  low  tempera- 
tures.  We  present  the  following  process  flow  to  illustrate  the 
low-temperature  hydrolysis . 

Two  streams  of  air  bubbled  through  separate  liquid  containers 
become  saturated  with  vapor:  one  with  titanium  tetrachloride  (at 
120°C)  and  the  other  with  water  vapor  (at  80°C).  The  volume 
proportions  of  TiCl^  and  H^O  in  the  vapor-air  mixture  are  about 
1:1.  The  two  vapor-gas  mixtures  are  heated  separately  to  the 
process  temperature  (400°C)  before  they  are  fed  into  the  reaction 
space  in  order  to  prevent  undesirable"  reactions;  they  flow  simul¬ 
taneously  into  a  vertical  cylindrical  vessel  -*  the  hydrolyzer, 
which  has  been  heated  externally  to  the  same  temperature.  One 
liter  of  the  mixture  of  air  with  water  vapor  (0.5  liters  of  HgO 
vapor)  and  0.1  liter  of  the  mixture  of  air  with  titanium 

Footnote  (4)  is  on  page  7^0. 
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tetrachloride  vapor  (0.05  liter  of  TiCli.  vapor)  are  supplied  per 
cubic  decimeter  of  reaction  space  per  minute.  The  two  streams 
mix  in  the  reaction  zone,  form  titanium  dioxide  and  hydrogen 
chloride,  ana  descend  into  a  dust  chamber,  which  has  been  heated 
to  a  temperature  from  200  to  400° C  in  order  to  prevent  condensa¬ 
tion  or  adsorption  of  HC1  on  the  precipitated  TiOg  particles. 


* Ui  av.4  A*.  4  . 


ber. 


The  originators  of  the  low-temperature  vapor-hydroly3i3  re¬ 
port  that  the  resulting  titanium  dioxide  contains  practically 
none  of  the  oxy-  and  hydroxychlorides .  and  that  the  yield  is  al¬ 
most  stoichiometric;  the  product  does  not  require  supplementary 
roasting,  and  its  covering  power  equals  that  of  pigment  produced 
from  sulfate  solution  and  calcined  at  900°C. 

This  claim  stands  in  contradiction  to  the  above  remarks  on 
the  chemical  mechanism  of  the  hydrolytic  decomposition  of  titan¬ 
ium  tetrachlorid  and  to  statements  made  by  the  authors  of  the 
two-stage  version,  who  report  that  the  products  obtained  at  400°C 
without  high-temperature  calcining  have  the  anatase  structure  and 
cannot  be  used  directly  as  a  pigment  because  they  contain  2-3 % 

HC1  and  undecomposed  titanium  oxychloride.  It  is  reported  that 
this  disadvantage  can  be  avoided  by  using  the  two-stage  process, 
in  which  the  product  can  be  purified  of  both  HC1  and  titanium 
oxychloride  by  high-temperature  holding. 

A  number  of  practical  variants  have  been  proposed  for  the 

( 5) 

two-stage  process.  For  example,  the  authors  of  certain  patents 
recommend  that  titanium  dioxide  be  produced  by  reacting  the  tetra¬ 
chloride  with. steam  in  the  presence  of  inert  solid  water-soluble 
salts,  such  as  alkali-metal  chlorides  or  sulfates.  Thus,  for  ex¬ 
ample,  100  part3  (by  mass)  of  titanium  tetrachloride  are  mixed 
with  200  parts  (by  mass)  of  finely  divided  potassium  sulfate  to 
form  a  thick  plastic  mass.  This  mass  is  heated  to  a  temperature 
from  300  to  400°C,  at  which  a  current  of  steam  is  passed  over  it 
for  1  hour.  The  temperature  is  then  brought  up  to  800-900°C  and 


Footnote  (5)  is  on  page  7^0, 
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held  for  15  to  30  minutes,  after  which  the  mass  i;.  cooled  to  room 
temierature  and  leached  out  with  water  to  remove  the  potassium 
sulfate.  The  titanium  dioxide  left  in  the  residue  is  washed, 
dried,  and  ground. 

The  two-stage  process  for  steam  hydrolysis  of  titanium  tetra¬ 
chloride  in  the  presence  of  inert  water-soluble  salts  i3  more 
cumbersome  and  complex  than  the  twc-stage  process  in  which  these 
salts  are  not  used.  One  recent  American  proposal^ ^ for  such  a 
two-stage  process  calls  for  running  it  sequentially  in  two  reac¬ 
tion  zones.  In  the  first,  low-temperature  (3^3°C)  zone,  the  ti¬ 
tanium  tetrachloride  reacts  with  oxygen  and  hydrogen- containing 
gases,  with  titanium  dioxide  and  hydrogen  chloride  a3  the  hydroly¬ 
sis  products.  In  the  second  zone,  whose  temperature  must  be  above 
650°C,  most  of  the  titanium  tetrachloride  reacts  with  an  oxygen- 
containing  gas  in  the  presence  of  the  dioxide  produced  by  hydro¬ 
lytic  decomposition  of  TiClj,  in  the  first  zone. 

Fully  satisfactory  results  would  appear  to  be  unlikely  in 
the  two-stage  variant,  especially  when  inert  water-soluble  salts 
are  used.  The  product  obtained  from  the  two-stage  process  is  not 
completely  free  of  HC1  (containing  0.2-0.41  of  thi3  acid).  More¬ 
over,  the  titanium  oxychloride  formed  during  the  low-temperature 
stage  of  the  process  gives  a  coarse-grained  product  when  it  de¬ 
composes  during  high-temperature  holding;  acquisition  of  high- 
grade  titanium  dioxide  by  the  secondary  reaction  of  the  chloroxide 
with  water  vapor  is  also  difficult.  As  a  result,  such  titanium 
dioxide  is  unsuitable  for  use  as  a  high-grade  pigment. 

The  most  satisfactory  results  are  obtained  in  the  high-tem¬ 
perature  variant  of  steam  hydrolysis  of  titanium  tetrachloride, 
in  which  the  process  is  run  at  temperatures  in  excess  of  900° C. 

The  literature  indicates  that  hydrolysis  proceeds  rapidly  under 
these  conditions,  yielding  finely  divided  titanium  dioxide  in  the 
rutile  modification  with  satisfactory  pigment  properties. 

To  make  it  eaaier  to  supply  the  reaction  equipment  with  the 
heat  needed  for  high-temperature  hydrolysis,  it  is  recommended 

Footnote  (6)  is  on  page  740. 
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that  the  titanium  tetrachloride  be  reacted  not  with  steam,  but 
with  an  oxyhydrogen  mixture: 

na4+2H,+o,«.Tio,  +  4Ha.  (8) 

It  ha3  been  reported  [61]  that  when  a  2:1  hydrogen-to-air 
ratio  is  used,  it  is  possible  to  obtain  a  high-grade  product  con¬ 
taining  99 - 72 Jt  TiOj  in  particle  sizes  from  0.2  to  0.4  um. 

Rather  high  process  productivity  must  be  ensured  in  the 
vapor-phase  hydrolysis  of  titanium  tetrachloride,  since  large 
hydrolyzers  are  required  when  the  vapor-gas  mixture  moves  slowly 
through  the  reaction  space;  this  complicates  heating  of  the 
hydrolyzers  and  requires  more  production  floorspace. 

Proposals  have  therefore  been  submitted  with  the  object  of 
Increasing  the  productivity  of  the  vapor-phase  titanium-dioxide 
production  process  by  improving  the  design  of  the  production 
process.  Special  attention  has  been  given  to  the  provision  of 
strong  circulation  of  the  vapor-gas  mixture  in  the  reaction  cham¬ 
ber/7^  since  this  helps  raise  the  rate  of  the  titanium-tetrachlo¬ 
ride  hydrolysis. 

There  is  no  doubt  that  other  ways  will  also  be  found  to  step 
up  the  vapor  hydrolysis  of  titanium  tetrachloride.  Even  then, 
however,  we  shall  be  left  with  a  highly  important  disadvantage  of 
the  vapor-phase  method:  the  impossibility  of  devising  a  closed 
production  cycle  for  the  chlorine  in  which  it  is  returned  directly 
into  the  process  for  chlorination  of  the  starting  titanium-con¬ 
taining  raw  material  to  produce  titanium  tetrachloride.  Prom 
this  standpoint,  substantial  interest  attaches  to  the  method  de¬ 
scribed  below  for  the  production  of  titanium  dioxide  by  "burning" 
titanium  tetrachloride  in  an  oxygen-containing  gas. 


Production  of  the  Dioxide  b: 
an  bxygeri-fionta 


Reacting  Titanium  Tetrachloride  with 


r^rrr»rrar^^Ty,,r!'''TPT,[^t.i,'Ui: 


When  oxygen  or  an  oxygen-containing  gas  reacts  with  titanium 
tetrachloride,  the  products  Include  gaseous  chlorine  as  well  as 
titanium  dioxide.  The  chlorine  can  be  recycled,  either  directly 


Pootnote  (7)  is  on  page  740. 
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or  after  regeneration  from  the  diluted  gaa  mixture,  for  chlorina¬ 
tion  of  the  titanium-containing  raw  material.  This  is  why  the 
"combustion"  of  titanium  tetrachloride  has  attracted  so  much  at¬ 
tention.  As  we  mentioned  above,  pilot  plants  and  full-scale  plants 
have  recently  been  built  in  a  number  of  developed  industrial  coun¬ 
tries  for  production  of  titanium  dioxide  by  this  method. 

However,  despite  the  strong  practical  interest  in  producing 
titanium  dioxide  by  reacting  titanium  tetrachloride  with  oxygen, 
no  information  on  the  problem  appeared  in  the  technical  litera¬ 
ture  until  quite  recently,  and  patent  applications  were  the  only 
source  of  data  on  the  process. 

It  has  been  established  by  tenslmetrlc  analysis  [62]  that 
the  reaction  of  titanium  tetrachloride  with  oxygen  is  described 
quite  accurately  by  the  equation 

TtCh^+C^-TKW  +  «,.  (9) 

This  conclusion  is  in  full  agreement  with  the  data  of  L.N 
Shohegrov  [63],  who  showed  that  no  titanium  oxychlorides  are 
formed  in  the  reaction  of  titanium  tetrachlorldo  vapor  with  dried 
oxygen  and  that  the  products  of  this  reaction  are  titanium  diox¬ 
ide  and  molecular  chlorine. 

It  was  established  by  thermodynamic  analysis  of  the  reaction 
in  [62]  that  the  temperature  curve  of  the  isobaric. potential  of 
the  "combustion"  of  titanium  tetrachloride  corresponds  in  the 
case  of  titanium  dioxide  of  the  rutile  structure  to  the  equation 

A2»- -48755 -2.P7T Iff  +  20, 05rr-0Jb.  Hr’?*  (10) 

and  in  the  case  of  the  anatase  dioxide  to  the  equation 

d*  -  -  37729  -  2,smg  r  -  o,s5 .  i<r  *r* + 23, aw.  ( 1 1 ) 

Below  we  give  values  of  -AZ®  for  the  two  titanium  dioxide  modifi¬ 
cations  at  various  temperatures. 
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It  folio.,  fro.  the..  4S°  that  formation  of  titanium  • 

.1th  both  the  rutile  and  anata.e  atructure.  la  thermodynamleally 
possible  .hen  titanium  tetrachloride  react,  with  oxygon. 

It  .as  aho«n  in  [62]  that  no  titanium  dioxide  la  formed  .hen 

temperature  (especially  sharply  around  1000  C). 

The  structure  and  granularity  of  Ti02  obtained  by  burning 
The  stru  ure  8tudied  with  the  aid  of 

titanium  tetrachloride  in  oxygen  na  eleotron  horoscope, 

of  an  automatic-recording  x-ray  unit  and  an  electron 
It  was  established  that  when  titanium  tetrachloride  is 
temperatures  below  1000°C,  the  product  is  the  g  „ 

tanium  dioxide.  The  rutile  content  in  the  pro  u 
the  process  temperature  is  raised  above  1000  C. 

To  ascertain  the  conditions  for  conversion  of  the  «n*tase  o 
the  rutile  form  in  titanium 

tetrachloride,  anatase  that  ha  •  amount 

-  ~  hT  rr  r- — 

Of  the  anatase  form  still  «■  titanium  dioxide 

case,  in  the  latter  cose  (ll°°  ^  coar8e„ed  considerably, 

assumes  the  rutile  form,  but  the  grains  are  com 

Since  1959,  the  Institute  of  ^allurgy^cf 
of  Sciences  has  also  ”w#re  nade  in  an  external- 

chloride  with  oxyfwt  yeaCtor  of  8»aii  capacity.  When 

ly  preheated  quart*  lab  7  th#  pro(luct  «„  a  mix- 

the  combustion  proces* ^  ^u(  (Mo-50*)  modifications 
ture  of  the  rutile  (5  ^  eata^l8hed  that  the  time  spent  by 

of  titanium  ox  •  ^  ^  zQne  ef  the  factor  is  of  deci- 

rcrje  in  determining  grain  £,  *  *■  — ~ 
.is  ti,  be  limited  at  aU  cos ts  »  ^ 

Although,  as  we  noted  above,  titanium  ^  by 

•»  be  converted  quickly  and  \  ture,  m8Jor  technical 
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difficulties  are  encountered  in  attempts  to  produce  material  that 
meets  the  requirements  of  the  pigment  industry. 

The  basic  difficulties  that  most  be  overcome  to  ensure  a 
normally  functioning  process  include: 

a)  obstruction  of  the  pipes  by  the  solid  product  as  it  forms; 
this  interferes  with  smooth  delivery  of  the  reactants  into  the 
unit  and  continuity  in  the  titanium-dioxide  production  process; 

b)  deposition  of  titanium  dioxide  in  the  reaction  chamber  in 
substantial  thicknesses  and  its  stubborn  adhesion  to  the  walls  of 
the  apparatus.  Such  deposits  upset  the  gas  dynamics  of  the  process 
and  are  detrimental  to  the  quality  of  the  product;  they  also  cause 
major  difficulties  in  supplying  heat  to  the  reaction  zone  (when 
the  unit  is  externally  heated); 

c)  the  need  to  supply  enough  heat  to  the  reaction  zone  to 
"oxidize"  the  titanium  tetrachloride  at  a  high  rate; 

d)  the  complex  task  of  selecting  structural  materials  for 
Industrial  apparatus  that  are  chemically  stable  at  the  high  tem¬ 
peratures  and  in  the  aggressive  media  (titanium  tetrachloride, 
chlorine)  that  are  used; 

e)  the  need  to  eliminate  or  control  recrystallization  and 
grain  growth  of  the  titanium  dioxide  particles. 

Below  we  oxamlne  a  number  of  methods  that  have  been  proposed 
for  production  of  titanium  dioxide  by  combustion  of  TiCl^. 

Although  the  reaction  between  titanium  tetrachloride  and 
oxygen  is  exothermic,  the  heat  released  is  not  enough  to  keep 
the  reaction  going  spontaneously.  For  normal  combustion  of  the 
titanium  tetrachloride,  therefore,  it  is  necessary  to  supply  a 
certain  amount  of  beat  —  depending  on  scale  -  to  the  reaction 
apparatus  from  the  outside  [653.  As  the  literature  notes,  this 
can  be  done  in  any  of  the  following  three  ways  (or  a  combination 
thereof):  external  heating  of  the  apparatus;  preheating  of  the 
reactants  to  the  necessary  temperature  before  they  are  introduced 
into  the  reaction  space;  introduction  of  a  combustible  gas  or 
vapor  into  the  vapor-gas  mixture. 
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A  number  of  patents  have  been  Issued  for  each  of  these  ver¬ 
sions.  Despite  the  fact  that  some  of  them  difx'er  considerably 
as  regards  the  form  of  the  process  equipment,  many  of  the  patents 
for  titanium-tetrachloride  combustion  propose  reactors  whose  de¬ 
signs  are  essentially  similar. 

A  schematic  diagram  of  one  of  these 
reactors  appears  in  Fig.  145.  It  con¬ 
sists  of  a  vertically  posit 'oned  cylin¬ 
drical  reaction  chamber  (tube)  2,  which 
has  a  tapered  bottom  4  for  collection 
and  unloading  of  the  titanium  dioxide 
that  settles  and  an  exit  orifice  3  for 
the  dust-gas  mixture,  from  which  the 
rest  of  the  T102  is  separated  (on  an 
electrostatic  or  sleeve  filter).  The 
burner  (nozzle)  1,  which  may  consist  of 
two,  three,  or  concentric  tubes  that 
form  annular  passages  for  introduction 
of  the  reagents  into  the  chamber,  is 
positioned  at  the  top  of  the  reactor 
(Fig.  145  shows  a  horizontal  section  through  these  tubes). 

The  titwiium  tetrachloride  is  usually  introduced  through  the 
inner  passage,  and  the  oxygen  and  auxiliary  gases  (neutral  or 
combustible)  through  the  passages  between  the  inner  and  outr 
tubes . 

With  external  heating  of  the  unit,  it  i3  proposed  that  the 
titanium  tetrachloride  be  burned  after  heating  the  reaction  cham¬ 
ber,  usually  to  temperatures  from  800  to  1100°C.  It  is  reported 
that  fine-grained  pigment  titanium  dioxide  can  be  obtained  in 
this  way. 

(8) 

Thus,  according  to  one  of  the  patents'  ;  with  this  orienta¬ 
tion,  nitrogen  is  run  into  a  container  with  titanium  tetrachloride 
that  has  been  heated  to  120°C,  forming  a  vapor-gas  mixture  con¬ 
sisting  of  approximately  equal  parts  of  the  two  components.  This 

Footnote  (8)  is  on  page  740. 


Figure  145.  Diagram 
of  reactor  for  burn¬ 
ing  titanium  tetra¬ 
chloride  in  an  oxy¬ 
gen-containing  gas. 
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mixture  and  preheated  air  are  passed  simultaneously  through  a 
vertical  reaction  tube  that  has  been  heated  externally  to  1100° C. 
The  process  is  regulated  so  that  the  reactor  will  be  supplied 
with  1500  ml  per  cubic  decimeter  per  minute  of  a  vapor-gas  mix¬ 
ture  containing  500  ml  of  TiCljj  vapor  to  1000  ml  of  air. 

As  they  pas«  icwn  through  the  reaction  tube,  the  injected 
reagents  interact  with  one  another,  forming  titanium  dioxide  and 
chlorine.  The  titanium-dioxide  product  is  used  as  a  pigment 
without  subsequent  processing. 

The  patent  literature  contains  references  to  the  possibility 
of  producing  pigment  titanium  dioxide  by  reacting  titanium  tetra¬ 
chloride  with  oxygen  or  air  in  other  temperature  ranges  as  well. 

Thus,  patent^ ^ refers  to  the  possibility  of  obtaining  titan¬ 
ium  dioxide  that  meets  pigment -Industry  specifications  by  heating 
a  mixture  of  TiClj,  vapor  and  oxygen  at  temperatures  from  400  to 
800°C.  Patent* 10 )  also  reconmends  that  the  process  be  carried  out 
in  about  the  same  temperature  range.  Before  injection  into  the 
reactor,  the  reagents  are  preheated  so  that  the  reaction-chamber 
temperature  will  be  400-925° C  when  they  are  mixed. 

The  reagents  are  introduced  in  two  parallel  streams  through 
concentric  passages;  the  titanium  chloride  enters  through  a  cen¬ 
tral  passage  1-10  mm  shorter  than  the  outside  passagt.  The  ratio 
of  the  oxygen  and  titanium  tetrachloride  stream  velocities  should 
be  about  0.15:1. 

In  another  patent*'^,  the  titanium  tetrachloride  and  oxygen, 
which  have  first- been  heated  separately  to  temperatures  from  1000 
to  1100°C  are  admitted  into  a  roaetion  chamber  whose  temperature 
is  held  at  the  750°C  level  by  use  of  an  external  cooling  Jacket. 
Tho  TiCljj-oxygen  ratio  recommended  is  1:4.  A  combustion  torch 
forms  during  the  process  where  the  preheated  reagents  emerge, 
and  the  titanium-dioxide  smoke  is  released  at  the  opposite  end 
of  the  reaction  apparatus. 


Footnotes  (9),  (10)  and  (11)  are  on  page  740. 
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As  we  noted  previously,  heat  ci  .  ;  supplied  to  the  reaction 
apparatus  not  only  by  external  heating,  but  also  by  including 
some  combustible  gas  (carbon  monoxide,  illuminating  gas,  hydro¬ 
gen,  etc.)  in  the  vapor-gas  reaction  mixture.  In  this  case,  the 
reactant-preheating  temperature  is  lowered  sharply  or  no  nreheat- 
ing  is  required  at  all.  However,  the  amount  of  the  combustible 
gas  injected  into  the  reaction  mixture  must  be  monitored  care¬ 
fully  to  prevent  overdilution  of  the  chlorine  present  in  the  ex¬ 
haust  gases.  When  combustible  gases  are  injected,  the  titanium 
tetrachloride  usually  "burns"  in  a  torch  at  tne  exit  from  the 
nozzle. 

For  example,  titanium  tetrachloride  can  be  burned  directly 

(12) 

In  a  mixture  of  air  with  purified  illuminating  gas.  The  re¬ 
sult  is  formation  of  a  finely  dispersed  titanium  dioxide  that  Is 
carried  away  with  the  gas  stream  and  separated  from  it  by  means 
of  appropriate  filtering  siaterials  or  electrostatic  filters. 

When  carbon  monoxide  is  used  as  the  combustible  gas,  the  re¬ 
quired  reactant-preheat  temperature  can  be  reduced  to  300°C  or 
lower.  According  to  patent' all  reaction  components,  including 
the  combustible  gas,  are  introduced  through  a  nozzle  formed  by 
combining  three  concentric  tubes,  the  outermost  of  which  is  cham¬ 
fered  toward  the  nozzle  axis  at  the  end  that  extends  into  the 
apparatus.  The  reagent  mixture  (TiCljj  and  oxygen)  is  fed  through 
the  inner  tube,  the  combustible  gas  through  the  intermediate  tube,, 
and  the  oxygen-containing  gas  through  the  outer  tube  (see  Fig. 
1*9).  Good  results  have  been  reported  for  the  following  techno¬ 
logical  regime.  A  mixture  of  1  part  by  volume  of  TiCl4  vapor 
with  1.3  parts  by  volume  of  oxygen  is  admitted  to  the  reactor 
through  the  central  tube  at  an  exit  velocity  of  20  m/s  after  heat¬ 
ing  to  120°C.  One  part  by  volume  of  carbon  monoxide  is  admitted 
through  the  intermediate  tube  at  a  speed  of  4  m/s,  and  0.5  part  by 
volume  of  oxygen  through  the  outer  tube  at  5  m/s.  It  is  reported 
that  the  flame  forms  at  about  1  cm  from  tho  nozzle  under  these 
conditions  and  that  the  reaction  produces  finely  dispersed  titan¬ 
ium  dioxide;  the  yield  is  of  the  order  of  99*. 

Footnotes  (12)  and  (13)  are  on  page  7*1. 
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There  are  also  other  proposals  for  production  of  the  dioxide 
by  burning  TiCl^  in  the  flame  of  a  combustible  gas;(;U)in  some  of 
them,  water  vapor  or  hydrogen,  which  combines  with  oxygen  to  form 
water,  is  introduced  into  the  reaction  mixture/15^  The  compo¬ 
nents  of  the  vapor-gas  reaction  mixture  also  enter  the  reactor 
through  three  concentric  tubes,  as  follows:  titanium  tetrachloride 
vapor  through  the  inner  tube,  combustible  gases  through  the  middle 
tube,  and  oxygen  with  the  water-vapor  additive  (0.005*  by  volume) 
through  the  outer  tube.  A  mixture  of  equal  volumes  of  carbon 
monoxide  and  hydrogen  is  used  as  the  combustible  gas.  According 
to  the  patents,  the  titanium  dioxide  is  formed  as  a  finely  dis¬ 
persed  product. 

An  American  patenfc^16^ recommends  introducing  the  oxygen  into 
the  reactor  in  two  streams  -  through  a  separate  nozzle  passage  and 
in  combination  with  titanium  tetrachloride  —  to  obtain  high  dis¬ 
persion  of  the  titanium  dioxide  product.  The  total  amount  of  oxy¬ 
gen  must  be  enough  to  convert  all  of  the  TiClj,  to  the  dioxide  and 
burn  all  of  the  carbon  monoxide.  It  is  recommended  that  the  lat¬ 
ter  be  taken  in  amounts  of  0.25-1  mole  per  mole  of  titanium  tetra¬ 
chloride.  It  is  also  reported  that  formation  of  a  finely  divided 
product  is  helped  by  diluting  the  vapor-gas  mixture  with  a  neutral 
gas  (such  as  nitrogen)  and  by  adding  small  amounts  of  water  to 
the  gases  that  are  injected  into  the  reactor  separately  from  the 
titanium  tetrachloride  (oxygen,  carbon  monoxide,  neutral  gases). 

However,  it  must  be  noted  that  inclusion  of  water  in  the 
initial  vapor-gas  mixture  (above  a  certain  critical  content) 
causes  difficulty  in  maintaining  the  process  because  of  the  rapid 
formation  of  titanium-dioxide  buildups  formed  at  the  exit  from 
the  nozzle  on  contact  between  the  water  vapor  and  titanium  tetra¬ 
chloride.  These  buildups  may  block  the  nozzle  orifices  partly  or 
even  completely  and,  consequently,  stop  the  process. 

The  permissible  moisture  content  in  the  starting  mixture  for 
freedom  from  buildups  on  the  nozzle  depends  on  the  velocity  at 
which  the  gas  streams  leave  the  nozzle  and  on  their  preheat 


Footnotes  (14,  (15)  and  (16)  are  on  page  741. 
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temperature-  It  has  been  reported^ 1 7 ^ that  the  permissible  mois¬ 
ture  content  must  be  below  0.2%  by  volume  even  when  the  compo¬ 
nents  of  the  starting  vapor-gas  mixtui'e  leave  the  nozzle  at  very 
high  velocities,  e.g.,  above  50  m/s.  At  lower  velocities,  e.g., 
between  5  and  20  m/s,  the  maximum  moisture  content  should  be 
about  0.05%  by  volume.  These  figures  apply  to  the  concentric 
technique  for  injecting  the  reagents  and  reagent  temperatures 
from  100  to  300°C.  At  higher  preheat  temperatures,  the  moisture 
content  in  the  vapor-gas  mixture  must  not  exceed  0.01%  by  volume, 
a  figure  at  which  the  process  can  continue  for  a  long  time  with¬ 
out  buildup  formation. 

It  must  also  be  remembered  that  when  water  additives  are 
present  in  the  vapor-gas  mixture,  and  when  hydrogen  or  a  mixture 
of  hydrogen  with  carbon  monoxide  is  used  as  the  combustible  gas, 
the  reaction  will  produce  HC1  as  well  as  chlorine,  which  cannot 
but  make  the  use  of  these  gases  difficult  and  complicate  the  de¬ 
sign  of  the  process  equipment  (by  narrowing  the  choice  of  corro¬ 
sion-resistant  materials).  Among  the  combustible  gases  enumer¬ 
ated  as  inert  with  respect  to  titanium  tetrachloride,  therefore, 
preference  must  be  given  to  carbon  monoxide,  since  no  hydrogen 
chloride  is  formed  as  a  byproduct. 

Along  with  the  above  versions  of  the  process,  a  number  of 
proposals  call  for  combustion  of  TiCl,.  in  a  "fluidized  bed"  to 
produce  titanium  dioxide.  1  The  principle  is  as  follows:  the 
titanium  tetrachloride  is  reacted  with  an  oxygen-containing  gas 
in  a  continuous  process  in  a  fluidized  bed  of  inert  solid  mate¬ 
rials  that  resist  attack  by  TiCl^  and  chlorine  at  high  tempera¬ 
tures.  Such  materials  might  include,  for  exanple,  oxides  of  sili¬ 
con,  aluminum,  zirconium,  or  titanium  with  particle  sizes  from 
40  to  1000  urn,  and  the  temperature  of  the  bed,  which  also  acts 
as  an  intermediate  heat  carrier,  should  be  held  in  the  700-1300°C 
range  (S00-1100°C  is  preferred). 

Even  though  the  reaction  of  titanium  tetrachloride  with  oxy¬ 
gen  is  exothermic,  additional  heat  must  be  supplied  to  the  bed 


Footnotes  (17)  and  (18)  are  on  page  741. 
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from  the  outside  if  the  process  is  run  on  a  small  scale.  This 
can  be  done  in  several  ways:  external  heating  (which  is,  however, 
complicated  in  practice),  introduction  of  a  certain  amount  of  a 
combustible  gas  (carbon  monoxide)  into  the  reaction  mixture,  pre¬ 
liminary  heating  of  one  or  both  reagents. 

The  amount  of  heat  to  be  supplied  externally  depends  on  the 
scale  of  the  process,  decreasing  with  increasing  productivity. 

In  the  actual  process,  the  titanium  tetrachloride  vapor  and 
the  oxygen-containing  gas  —  either  separately  or  after  prelimi¬ 
nary  mixing  (at  a  temperature  below  500° C,  so  that  the  rate  of 
their  interaction  will  be  practically  negligible)  -  are  passed 
through  a  set  of  inlets  in  the  bottom  of  the  reactor  into  a  "flui¬ 
dized  bed,"  which  must  be  deep  enough  to  permit  a  practically 
con*>lete  reaction.  The  dust-gas  mixture  produced  as  a  result 
of  the  reaction  la  ducted  out  at  the  top  of  the  reactor.  The 
solid  phase,  which  is  composed  of  pigment  titanium  dioxide,  i3 
separated  from  it  (in  cyclones,  sleeve  or  electrostatic  filters) „ 
while  the  chlorine  (usually  after  preliminary  concentration)  is 
recycled  for  chlorination  of  the  starting  titanium-containing  raw 
material. 

When  titanium  tetrachloride  is  "burned"  in  a  "fluidized 
bed,"  some  grain-size  classification  of  the  titanium-dioxide  pro¬ 
duct  takes  place.  While  the  finer  titanium  dioxide,  which  is 
entrained  by  the  ascending  ga3  current,  yields  a  product  suitable 
for  pigment  applications,  the  coarser  part  of  the  dioxide  is 
trapped  in  the  "fluidized  bed,"  where  it  usually  adneres  to  the 
inert  "bed"  material.  If  this  adhesion  is  too  strong,  it  will 
not  only  lower  the  yield  of  pigment  product  substantially,  but 
also  make  the  "fluidizing"  process  itself  much  more  difficult. 
m>us  the  patent  literature  indicates  that  this  adhesion  may  not 
allowed  to  exceed  20#  of  the  mass  of  the  inert  solid  material, 
which  must  be  replenished  periodically.  However,  the  used  solid 
material  may  be  recycled  *fter  regeneration  (removal  of  the  titan¬ 
ium  dioxide  from  it  by  chlorination). 
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It  is  not  particularly  dif¬ 
ficult  to  obtain  a  homogeneous 
"fluidized  bed"  in  small  units. 
However,  as  the  size  of  the 
equipment  increases,  it  is  neces¬ 
sary  to  feed  the  reactants  into 
the  "fluidized  bed"  through  a 
set  of  inlets  distributed  around 
the  lower  horizontal  cross  sec¬ 
tion  of  the  reactor  in  order  to 
ensure  uniformity  of  the  bed.  A 
reactor  for  production  of  titan¬ 
ium  dioxide  by  burning  TiCl^  in  a 
"fluidized  bed"^20^i3  shown  sche¬ 
matically  in  Pig.  146. 

The  overwhelming  majority  of 
patents  give  no  information  on 
the  crystal  structure  of  the  ti¬ 
tanium  dioxide  formed.  Only  a 
few  patents  make  reference  to 
this  question,  noting  that  com¬ 
bustion  of  titanium  tetrachlo¬ 
ride  in  oxygen  usually  produces 
a  mixture  of  the  anatase  and 
rutile  modifications  of  titanium 
dioxide.  Thus,  according  to 
Richmond,^ 21 ^ when  TiCl^  is  re¬ 
acted  with  oxygen  at  1000°C, 
the  product  contains  about  40J( 
of  the  rutile  form.  The  rutile 
content  in  the  product  increases 
when  the  process  is  conducted 
at  higher  temperatures '  how¬ 
ever,  the  grain  size  of  the  pro¬ 
duct  is  then  Increased. 


Figure  146.  Reactor  for  ti¬ 
tanium  dioxide  production  by 
burning  titanium  tetrachlo¬ 
ride  in  a  "fluidized  bed." 

1)  Shaft  chamber  lined  with 
chlorine-resistant  brick  2; 

3)  insulating  brick;  4)  steel 
shell;  5)  ceramic  block  with 
passages  for  admission  of 
titanium  tetrachloride  6  and 
oxygen-containing  gas  7  and 
8  (which  arrive  via  gas 
lines  9  and  10);  11)  ceramic 
"plug"  with  passage  for 
charging  furnace  with  inert 
solid  material,  which  arrives 
through  pipe  12  from  steel 
feeder  13  (to  which  compress¬ 
ed  air  is  fed  through  pipe 
14);  15)  pipe  for  "decant¬ 
ing"  inert  solid  material  of 
"fluidized  bed"  into  steel 
container  16  with  water  Jack¬ 
et  17  and  "overflow"  pipe  18; 
19)  gas  line  for  tapping  dust 
and  gaseous  reaction  products 
from  unit. 


Pootnotes  (19),  (20),  (21)  and  (22)  are  on  page  741. 
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The  occasional  references  made  in  the  patent  literature  in¬ 
dicate  that  certain  additives  muss  be  introduced  into  the  reac¬ 
tion  chamber  together  with  the  principal  components  in  order  to 
guarantee  the  formation  of  pigment  titanium  dioxide  with  the  ru¬ 
tile  structure  when  TlClj,  is  burned.  It  is  reported  that  this 
also  increases  the  rate  of  the  process  by  forming  crystallization 
n  :lel  in  the  vapor-gas  mixture.  According  to  available  patent 
information,  a  considerable  increase  in  the  rate  of  reaction  be¬ 
tween  the  titanium  tetrachloride  and  the  oxygen-containing  gas 
and  production  of  titanium  dioxide  in  the  rutile  form  result  when 

(0-3)  (2^) 

lower  titanium  chlorides'  J  or  aluminum  chloride  is  introduced 
into  the  reaction  mixture. 

When  aluminum  chloride  additives  are  used  In  the  combustion 
of  titanium  tetrachloride  to  obtain  a  product  with  the  rutile 
structure,  it  is  recommended  that  they  be  added  to  the  reaction 
mixture  in  amounts  such  that  the  product  will  contain  0.5-5 t  (by 
mass)  of  AlgO^2"^ 

To  obtain  pigment  titanium  dioxide  in  the  form  of  a  rutile 
product,  Frey^2^ recommends  that  combined  additives  -  mixtures  of 
aluminum  and  silicon  chlorides  —  be  added  to  the  vapor-gas  mix¬ 
ture  Just  before  combustion. 

The  expediency  of  adding  volatile  aluminum  and  silicon  com¬ 
pounds  In  combination  can  be  explained  as  follows.  Aluminum  chlo¬ 
ride,  although  it  has  a  rutilizing  effect,  i.e.,  contributes  to 
the  formation  of  titanium  dioxide  of  the  rutile  structure  during 
combustion  of  the  TiClj,,  does  not  help  improve  particle-size 
uniformity.  Additives  of  silicon  tetrachloride,  on  the  other 
hand,  while  exerting  an  antirutilizing  influence  during  TIClj,  com¬ 
bustion  (i.e.,  tending  to  form  dioxide  of  the  anatase  structure), 
simultaneously  improve  the  particle-size  uniformity  of  the  pro¬ 
duct.  Aluminum  chloride  is  superior  to  silicon  chloride  as  re¬ 
gards  the  effect  on  the  structure  of  the  titanium  dioxide  pro¬ 
duced.  Thus  the  introduction  of  combined  aluminum-chloride-sili¬ 
con-chloride  additives  in  combustion  of  titanium  tetrachloride 


Footnotes  (23),  (2*1),  (25)  and  (26)  are  on  page  7^1. 
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may  help  produce  a  material  with  the  rutile  structure  and  uniform" 
ly  fine  particle  sizes. 

(27) 

In  this  particular  case,  "it  is  recommended  that  these 
additives  be  introduced  in  amounts  such  that  the  final  product 
will  contain  0.5-31  (by  mass)  of  AljO^  and  0.5-2J  (by  mass)  of 
SiOg.  The  process  has  the  reaction  zone  supplied  continuously 
with  titanium  tetrachloride  vapor  and  oxygen-containing  gas, 
around  which  an  annular  gas  stream  is  formed  by  auxiliary  gases, 
which  consist  of  separately  injected  carbon  monoxide  and  oxygen- 
containing  gas.  The  auxiliary  gases,  forming  an  annular  flame 
around  the  reaction  mixture  as  the  carbon  monoxide  burns,  raise 
the  temperature  to  the  level  necessary  for  the  reaction  between 
oxygen  and  titanium  tetrachloride,  which  burns  in  a  torch.  The 
author  of  the  patent  claims  that  when  the  above  aluminum-  and 
silicon-chloride  additives  are  included  in  the  reaction  mixture 
and  the  combustion-process  temperature  is  1000-1300° C,  the  result 
is  a  finely  dispersed  product  that  contains  90<  of  rutile. 

If,  however,  silicon  chloride  alone  is  introduced  into  the 
reaction  mixture  [in  amounts  such  that  the  final  product  will 
contain  0.5-2%  (by  mass)  of  SiOj]  and  the  temperature  of  the  ti¬ 
tanium  tetrachloride  combustion  reaction  is  900-1000°C,  dioxide 
of  the  anatase  structure  is  formed. 

It  ha3  also  been  proposed  that  titanium  tetrachloride  be 

burned  in  the  presence  of  water  vapor  in  order  to  obtain  titanium 

(28) 

dioxide  with  the  rutile  structured 

Parallel  streams  of  two  vapor-gas  mixtures  that  have  been 
preheated  to  800-900°C  are  fed  into  the  reaction  chamber:  titan¬ 
ium  tetrachloride  diluted  with  an  inert  gas  and  air  mixed  with 
water  vapor  (from  2  to  70 referred  to  the  oxygen  content). 

Proposals  for  simultaneous  introduction  of  a  mixture  of  oxy¬ 
gen  and  water  vapor  (or  hydrogen)  into  the  reaction  mixture  have 
the  important  shortcoming  mentioned  earlier:  formation  of  HC1 
along  with  the  chlorine,  with  the  resulting  undesirable  chlorine 


Footnotes  (27)  and  (28)  are  on  page  791. 
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losses,  difficulty  of  recycling  the  chlorine,  and  restriction  of 
the  choice  of  structural  materials. 

These  disadvantages  resulting  from  partial  formation  of  HC1 
can  be  eliminated  by  using  aluminum  chloride  and  lower  titanium 
chlorides  instead  of  water  vapor  as  additives  in  the  combust  ion 
of  titanium  tetrachloride. 

To  obtain  high-grade,  finely  dispersed  titanium  dioxide  by 
burning  TiClj,,  a  great  deal  of  attention  must  be  given  to  elimi¬ 
nating  or  reducing  factors  that  promote  recrystallization  of  the 
dioxide  and  enlargement  of  its  particles.  Ensuring  that  the  re¬ 
action  will  take  place  at  a  high  rate  and  eliminating  contact  be¬ 
tween  the  vapor— gas  mixture  and  the  reactor  walls  are  of  prime 
inportanee  here,  since  titanium  dioxide  deposited  on  the  walls 
has  a  coarse-grained  structure  and  is  not  suitable  for  production 
of  high-grade  pigments. 


Pig.  147.  Certain  proposed  nozzle  designs  for  rapid 
mixing  of  starting  components  injected  into  reactor. 
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To  obtain  a  high  rate  of  reaction  between  the  titanium  tet¬ 
rachloride  and  the  oxygen-containing  gas,  it  is  necessary  to 
bring  the  vapor-gas  components  (which  are  usually  preheated)  up 
to  the  reaction  temperature  quickly.  At  the  same  time,  process 
conditions  must  provide  for  the  fastest  and  most  complete  mixing 
possible,  so  that  the  time  3pent  by  the  reactants  in  the  reac¬ 
tion  zone  will  be  minimized.  Some  proposals  call  for  high-speed 
injection  of  the  reactants  at  right  angles  to  one  another  or  head- 
on,  and  that  a  rotary  motion  be  imparted  to  one  of  the  components 
at  exit  from  the  nozzle. 

Certain  nozzle  designs  that  have  been  proposed  for  rapid  and 
( 29 ) 

thorough  reactant  mixing  are  shown  in  Pig.  147.  All  of  these 
nozzles  can  be  used  in  the  ordinary  typical  reactor  shown  at  the 
top  of  the  figure. 

Figure  147a  shows  a  nozzle  with  two  concentric  reactant  in¬ 
lets,  the  outer  one  of  which  is  partitioned  by  spiral  walls  into 
a  set  of  passages  inclined  to  the  central  axis  of  the  nozzle. 

Ihese  passages  are  connected  by  an  annular  pipe  parallel  to  the 
central  axis.  A  swirling  motion,  which  will  be  faster  the  ste 
steeper  the  spiral  (helical)  surface,  is  imparted  to  the  gas 
passing  through  the  outer  inlet. 

The  partitions  may  be  extended  to  the  walls  of  the  central 
tube,  thus  leaving  no  intermediate  space  through  which  the  pass¬ 
ages  communicate.  They  can  also  be  cut  off  short  of  the  nozzle 
exit  orifice,  i.e.,  the  gas  already  in  rotary  motion  may  pass 
through  an  unpartitioned  length  of  the  supply  tube,  so  that  the 
rotational  motion  becomes  more  uniform. 

Figure  147b  shows  a  nozzle  with  an  outer  supply  tube  that 
is  not  partitioned  at  the  end. 

Figures  147c  and  d  show  a  nozzle  design  that  differs  from 
Fig.  147a  in  that  the  central  cylindrical  passage  is  surrounded 
by  two  conical  surfaces  with  the  vertex  of  the  cone  in  front  of 
the  nozzle  exit  orifice  (Fig.  l47d).  The  rate  of  reactant  mixing 


Footnote  (29)  is  on  page  ?4l. 
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can  be  regulated  by  varying  the  angles  a  and  8  of  the  conical 
surface  (they  may  also  be  equal  to  one  another).  In  addition, 
with  the  proper  geometrical  dimensions  (angles  a  and  8,  distance 
a;  see  Pig.  I47d),  the  gas  streams  can  be  detached  from  the  noz¬ 
zle  to  inpinge  at  a  distance  b  from  its  end  plane. 

Figure  l47e  shows  a  nozzle  in  which  the  .oral  delivery 
tube  is  partitioned  by  spiral  walls  into  a  set  of  passages  that 
are  out  of  parallel  with  the  nozzle  central  axis.  The  partitions 
do  not  extend  as  far  as  the  central  axis,  so  that  the  common  pass 
age  has  a  spiral  configuration. 

Figure  I47f  shows  a  helical  element  that  can  be  inserted  in 
the  central  orifice  of  the  nozzle  to  divide  its  wall3  into  a  set 
of  spiral  passages. 

Figure  l47g  shows  a  nozzle  in  which  the  passages  are  parti¬ 
tioned  by  several  spiral  walls  into  passages  that  do  not  run 
parallel  to  the  nozzle  central  axis. 

The  duplex  nozzles  shown  in  Fig.  147  are  designed  for  proc¬ 
esses  run  without  use  of  an  inert  gas.  If,  on  the  other  hand, 
the  titanium  tetrachloride  is  to  be  burned  in  the  presence  of  an 
inert  gas ,  triplex  nozzles  based  on  the  same  principle  can  be 
used. 


Other  authors  have  also  recommended  the  use  of  special  tech¬ 
nological  devices  in  order  to  obtain  a  finely  dispersed  product 
by  burning  titanium  tetrachloride.  Thus,  it  is  recommended  in 
patent^ ^  \  on  the  basis  of  small-scale  laboratory  experiments , 
that  the  titanium  tetrachloride  first  be  mixed  with  a  small 
amount  of  an  aromatic  organic  compound  such  as  benzene  before  it 
is  admitted  to  the  .reactor.  As  usual,  the  patent  formula  is  vague 
when  it  comes  to  details  of  the  process.  It  is  stated  only  that 
finely  dispersed  titanium  dioxide  can  be  obtained  by  reacting  a 
mixture  of  titanium  tetrachloride  and  0.01-201  (mol.)  of  benzene 
with  an  oxygen-containing  gas  taken  in  molar  ratios  from  1:1  to 
1:10  (usually  below  1:3)  at  700-1500°C  after  preheating  it  to 


Footnote  (30)  is  on  page  741. 
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500-1000°C.  It  is  recommended  that  the  mixture  of  TiCl^  with 
benzene  or  a  chlorinated  derivative  thereof  (mono-,  di-,  or  trl- 
chlorobenzol)  be  introduced  through  the  internal  passage  of  a 
concentric  burner  and  the  oxygen-containing  gas  through  its  ex¬ 
ternal  passage  in  the  actual  process. 

The  mechanism  by  which  these  additives  exert  their  influ¬ 
ence  has  not  been  studied.  It  may  be  assumed  that  or.  decomposing 
in  the  reaction  zone,  the  armcatic  organic  compounds  form  centers 
of  crystallization  that  help  reduce  the  particle  size  of  the  ti¬ 
tanium  dioxide  product.  The  chlorine  obtained  as  a  result  of 
combustion  contains  HC1  (the  amount  depending  on  the  size  of  the 
aromatic  additive),  and  this  is  undesirable. 

A  number  of  patent  references  indicate  that  the  titanium 
dioxide  that  forms  on  combustion  of  titanium  tetrachloride  may 
clog  the  reaction  chamber  and  obstruct  the  orifices  of  the  nozzle 
through  which  the  components  of  the  starting  vapor-gas  mixture 
are  supplied.  The  danger  of  buildups  becomes  particularly  acute 
when  the  reagents  go  into  strongly  turbulent  flow. 

To  eliminate  this  effect  and  the  possibility  of  formation  of 
a  coarse-grained  product  during  combustion  of  TiCljj,  it  is  neces¬ 
sary  to  move  the  reaction  zone  farther  from  the  nozzle  and  the 
walls  of  the  apparatus.  For  these  purposes,  most  patents  recom¬ 
mend  that  the  reagents  be  injected  into  the  apparatus  through  a 
nozzle  with  concentric  tubes,  using  the  central  nozzle  tube  for 
the  titanium-tetrachloride  vapor,  as  we  have  already  noted,  the 
vapor  is  insulated  from  the  reaction-chamber  walls  by  a  curtain 
of  oxygen-containing  gas  or  an  auxiliary  inert  gas,  of  which  a 
large  excess  13  supplied.  To  reduce  the  danger  of  deposition  and 
growth  of  titanium  dioxide  crystals  at  the  tetrachloride  inlet, 
patent^1  ^proposes  that  a  nitrogen  atmosphere  be  net  up  around 
the  T1C1]|  as  it  is  introduced  through  the  central  nozzle  orifice. 

If  the  apparatus  is  large  enough,  contact  between  unreacted 
titanium  tetrachloride  and  the  reaction-chamber  walls  and. 


Footnote  (31)  is  on  page  7^1. 
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consequently,  deposition  of  titanium  dioxide  on  the  walls  can  be 
eliminated. ^ 32 ^ 

The  same  result  can  be  obtained  by  admitting  the  TiCl^  vapor 
and  oxygen  into  a  vertical  cylindrical  reactor  on  the  counterflow 
principle,  in  such  a  way  that  the  chlorine  formed  as  a  result  of 
the  reaction  will  envelop  the  zone  into  which  the  titanium  tetra¬ 
chloride  is  admitted. ^33^ 

The  U3e  of  chlorine  to  protect  the  walls  of  the  reaction 
chamber  from  deposition  of  the  reaction  product  is  also  recom¬ 
mended  in  one  of  the  later  patents  awarded  to  DuPont Z3^  jn  this 
patent,  the  reaction-chamber  walls  are  protected  from  contact 
with  the  reagents  and  the  reaction  product  by  a  protective  en¬ 
velope  of  a  chlorine-containing  gas,  which  is  formed  by  slow, 
steady  diffusion  of  the  gas  from  an  external  source  into  the  re¬ 
action  zone  through  a  porous  wall  made  from  a  refractory  material 
(such  as  graphite)  and  held  at  a  temperature  of  500  to  800°c. 

This  wall  must  be  capable  of  reacting  in  the  presence  of  chlorine 
with  the  TiOg  film  that  forms  on  it  and  do  so  in  such  a  way  as  to 
regenerate  titanium  tetrachloride.  It  is  recommended  that  the 
ratio  of  the  mass  of  chlorine  passed  through  this  porous  parti¬ 
tion  to  the  chlorine  formed  as  a  result  of  TlCl^  oxidation  be 
held  in  the  range  from  0.1  to  1. 

The  apparatus  used  by  the  authors  of  the  patent  is  shown  in 
Pig.  148.  A  tubular  reactor  3  made  from  a  corrosion-resistant 
material  and  provided  with  inlet  and  outlet  holes  4  and  5  is 
placed  in  a  vertical  furnace  1  with  heated  chamber  2.  The  reac¬ 
tion  zone  6,  whose  walls  7  (porous  graphite)  represent  an  exten¬ 
sion  of  the  walls  8  and  9  of  reactor  3,  lies  at  about  mid-length 
of  the  tubular  reactor.  A  second  tubular  element  10  made  from 
a  corrosion-resistant  metal  or  some  other  material  (the  patent 
does  not  Indicate  which  other  material '  Is  placed  directly  above 
the  porous  wall  of  reaction  zone  6;  it  has  an  inlet  11  in  com¬ 
munication  with  the  concentric  passage  12,  which  terminates  in 
the  circumferential-slot  inlet  nozzle  13.  The  porous  wall  7  of 

Footnotes  (32),  (33)  and  (3*0  are  on  page  7^2. 
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reaction  zone  6  is  enclosed  by  a  con¬ 
centric  cylindrical  element  14,  which 
is  made  from  corrosion-resistant  mate¬ 
rial  and  has  an  inlet  orifice  16  and 
forms  passage  15.  Oxygen  (or  oxygen- 
containing  gas)  and  titanium  tetra¬ 
chloride  are  admitted  to  reaction  zone 
6  through  inlets  4  and  11,  and  a  pro¬ 
tective  gas  (3uch  as  chlorine)  enters 
through  orifice  16  at  elevated  pres¬ 
sure,  entering  the  reaction  zone 
through  the  porous  walls  and  dislodg¬ 
ing  from  them  any  titanium  dioxide 
particles  that  have  been  formed  as  a 
result  of  the  reaction. 


Figure  148.  Apparatus 
for  production  of  ti¬ 
tanium  dioxide  from 
titanium  tetrachlo¬ 
ride  (with  dioxide 
particles  blown  away 
from  reaction-zone 
walls ) . 


Other  patents  indicate  that  sin-  walls), 

tered  silicon  carbide,  alundum,  un¬ 
glazed  calcined  kaolin,  and  certain  other  materials  may  be  used 
to  make  the  porous  corrosion-resistant  lining  (wall)  of  the  re¬ 
action  vessel;  of  these  materials,  alundum  is  preferred  because 
of  its  ready  availability,  ease  of  shaping,  heat  resistance,  and 
anticorrosion  and  mechanical  properties.  Por  example,  this  mate- 

(Vk\ 

rial  is  recommended  by  the  authors  of  patent'  who  propose  a 
process  in  which  titanium  tetrachloride  is  burned  in  oxygen  and 
the  titanium  dioxide  that  forms  is  blown  away  from  the  refractory 
wall3  of  the  apparatus  by  a  neutral  gas.'  This  gas  might  be  nitro¬ 
gen,  chlorine,  CO,  C02,  or  any  of  certain  other  gases. 

When  carbon  monoxide  is  used,  its  reaction  with  the  excess 
oxygen  results  in  formation  of  C02,  a  neutral  gas  that  protects 
the  surface  of  the  reactor  wall.  Por  this  purpose,  the  porous 
refractory  walls  of  the  reactor  are  fitted  with  a  gas tight  jacket 
into  which  protective  inert  gas  is  fed  under  a  small  excess  pres¬ 
sure  to  diffuse  into  the  reaction  chamber.  Figure  149  shows 
equipment  for  implementing  this  process  (which  can  be  run  either 
with  or  without  CO  as  a  combustible  gas).  Concentric  triplex 

Footnote  (35)  is  on  page  742. 
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nozzle  2  is  threaded  into  the  steel 
casing  1  to  supply  the  starting  com¬ 
ponents  to  the  reactor:  titanium  tet¬ 
rachloride  through  6  and  3  (by  itself 
or  with  part  of  the  oxygen),  carbon 
mono: 'de  through  7  and  4,  and  oxygen 
through  8  and  5 •  The  reaction  zone 
of  the  apparatus  is  a  porous  alundum 
cylinder  9  with  alundum  cover  10, 
which  holds  nozzle  2,  and  porous 
tapered  bottom  element  11  and  outlet 
pipe  12  with  alundum  heat  insulation 
14.  Casing  1  is  supplied  through 
pipes  15,  16,  and  17  with  the  neu¬ 
tral  gas ,  which  flushes  titanium  diox¬ 
ide  particles  off  the  porous  alundum 
walls  of  the  reaction  zone  a3  it 

v 

passes  through  them.  The  dust-gas 
mixture  produced  by  the  reaction  is 
injected  with  cold  gas  through  pipe  13  and  the  bottom  of  pipe  12 
to  lower  its  temperature;  it  is  then  ducted  out  of  the  unit  and 
the  titanium  dioxide  is  separated  from  it. 

Although  the  above  measures  make  it  possible  to  reduce  con¬ 
siderably  the  possibility  of  contact  between  the  TiCl^  vapor  and 
the  heated  walls  of  the  reactor,  they  do  not  eliminate  3uch  con¬ 
tact  completely.  As  a  result,  titanium  dioxide  films  may  still 
build  up  gradually  in  the  apparatus  and  adhere  to  the  inner  sur¬ 
faces  of  the  reaction  chamber  when  TiCl^  is  burned  in  an  oxygen- 
containing  gas  at  high  temperatures. 

Various  msthods  may  be  used  to  remove  these  deposits  from 
the  apparatus.  Thus,  one  of  the  patents ^ ^recommends  that  the 
combustion  process  be  interrupted  periodically  as  necessary  and 
that  the  deposited  titanium  dioxide  layer  be  removed  by  running 
a  mixture  of  chlorine  and  carbon  monoxide  through  the  unit  at 
900-1200°C.  TiCljj  and  COg  are  formed  and  removed  as  a  result  of 

Footnote  (36)  is  on  page  7^2. 


Figure  149.  Apparatus 
for  burning  titanium 
tetrachloride  (using 
a  combustible  gas  and 
flushing  of  the  titan¬ 
ium  dioxide  from  the 
walls). 
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the  attendant  reactions: 

TiO,  +  20,  +  2C0 

~TiCI,+  2COt:  (12) 

The  patent  also  Indicates  the  possibility  of  removing  deposited 
titanium-dioxide  crusts  by  using  other  carbon-containing  chlori¬ 
nating  agents  In  the  appropriate  temperature  range  (800-1350°C) , 
such  as  CCljj  or  C0C12,  which  react  with  Ti02  in  accordance  with 
the  equations 

'  TiOj  +  CCI,  «  TiCI,  +  CQ,,  (13) 

TiO,  -}-  2C0CI,  •«  TiCI,  -{-  2  CO,.  (14} 

As  a  way  of  preventing  formation  of  titanium-dioxide  build¬ 
ups  on  the  inner  walls  of  the  reactor,  it  has  been  suggested  that 
water-cooled  breakers  be  used  to  clean  the  unit  mechanically  with¬ 
out  dismantling/^  or  that  the  reactor  be  made  with  a  flexible 
inner  wall  to  prevent  Ti02  deposition/^ 

These  specific  difficulties  encountered  in  the  combustion 
of  titanium  tetrachloride  to  produce  the  dioxide  become  greater 
as  the  scale  of  the  process  is  increased,  partly  because  of  the 
need  to  introduce  large  quantities  of  reactants  through  the  noz¬ 
zle. 

There  are  two  possible  ways  of  introducing  large  volumes  of 
titanium  tetrachloride  vapor  into  an  industrial  reactor:  using  a 
large-diameter  inlet  pipe  or  using  a  very  high  vapor  flow  veloc¬ 
ity  (In  a  3mall-diameter  pipe).  In  the  former  case,  a  substan¬ 
tial  amount  of  time  is  required  for  the  inner  layers  of  the  ti¬ 
tanium  tetrachloride  enter  into  the  reaction  (since  they  mix 
with  the  concurrently  injected  oxygen-containing  gas  at  a  slow 
rate),  and  this  results  in  an  unacceptable  but  inevitable  in¬ 
crease  in  the  grain  sizes  of  the  titanium  dioxide  produced.  In 
the  latter  case,  in  which  the  titanium  tetrachloride  is  intro¬ 
duced  at  a  high  flow  velocity,  its  kinetic  energy  is  so  high  that 
it  penetrates  the  reaction  chamber  to  a  considerable  distance  be¬ 
fore  beginning  to  react  with  the  oxygen-containing  gas.  To  give 
the  reactants  time  to  react,  it  would  be  necessary  to  increase 


Footnote  (37)  and  (38)  are  on  page  1^2. 
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the  length  (height)  of  the  reactor  substantially,  and  this  would 
make  It  difficult  to  maintain  the  required  high  temperature  in 
the  reaction  zone.  However,  even  if  the  height  rf  the  reactor 
is  increased  to  ensure  complete  reaction  of  all  of  the  titanium 
tetrachloride  introduced,  it  would  still  be  necessary  to  extend 
the  reaction  time  (i.e.,  the  stay  time  of  the  reactants  in  the 
apparatus),  and  this  would  inevitably  coarsen  the  grain  of  the 
titanium  dioxide. 

For  combustion  of  titanium  tetrachloride  on  an  industrial 
scale,  therefore,  the  conditions  must  be  such  as  to  permit  con¬ 
tinuous  delivery  of  the  reactants  without  obstruction  of  the 
feeder  system,  eliminate  the  possibility  of  deposition  of  the 
reaction  product  on  the  reactor  walls,  increase  the  reaction  rate, 
reduce  the  dimensions  of  the  equipment,  and  ensure  acquisition  of 
finely  dispersed  titanium  dioxide.  These  objectives  can  be  at¬ 
tained  under  industrial  conditions  by  using  not  one,  but  several 
nozzles,  including  flattened  designs.  As  we  noted  above,  it  has 
been  proposed  in  the  patent  literature  that  one  of  the  reagents 
be  supplied  along  the  axis  of  the  apparatus,  while  the  other  is 
set  in  motion  along  a  spiral  path.  This  makes  it  possible  to 
reduce  the  dimensions  of  industrial  apparatus  to  technically  ac¬ 
ceptable  proportions  by  stepping  up  the  process  and  ensuring 
quick  completion  of  the  reaction.  The  vigorous  mixing  of  the 
reactants  also  makes  it  possible  to  reduce  the  oxygen  excess  re¬ 
quired  for  complete  oxidation  of  the  titanium  tetrachloride. 

However,  it  must  be  remembered  that  when  this  method  is  used 
to  inject  the  starting  components,  their  vigorous  mixing  increases 
the  danger  of  obstruction  of  the  inlet  orifice  by  reaction  pro¬ 
ducts.  To  eliminate  this,  it  is  necessary  to  create  conditions 
under  which  the  gas  streams  will  come  into  contact  at  a  certain 
distance  (of  the  order  of  several  centimeters)  from  the  inlet 
system.  This  might  be  done,  for  example,  by  using  a  relatively 
thick  wall  between  two  concentric  reactant  inlets.  An  inter¬ 
mediate  inert-gas-filled  zone  might  also  be  provided  to  separate 
the  flows  of  the  two  reactants  directly  at  the  nozzle. 


Tt 

tween  t 
Compari 
materia 
given  t 
envelop 

Th 

to  step 
tlon  ca 
gas  or 
the  noz 
be  set 
sorted 
the  rea 
the  ine: 
quate  t< 
rotatioi 

Th< 

of  burn: 
one  pat< 
in  diaim 
tetrach'. 
3pectiv< 
concent] 
is  3  cm4 
troducec 
and  the 
swirling 
duces  fi 

The 
of  exist 
productl 
[173  of 
method  a 


Footnoti 


FTD-HC-i' 

f  FTD-HC-23- 352-69 

f  733 


> 


) 


would 
e  in 
,ctor 
anium 
xtend 
the 
the 

rial 

con- 

he 

the 

on  rate, 
,tion  of 
ie  at- 
everal 
it  has 
igent3 
ler  is 
to 

ly  ac- 

ng 

the 

;ss  re- 
le. 

is  used 
.ncreases 
i  pro- 
.tions 
srtain 
ilet 
lively 
;er- 
sparate 


The  inert  gas  can  be  injected  into  the  reaction  space  be¬ 
tween  the  titanium  tetrachloride  and  the  oxygen-containing  gas. 
Comparison  of  the  various  possible  techniques  for  injecting  these 
materials  into  the  reactor  indicates  that  preference  should  be 
given  to  central  admission  of  the  TiCl^  vapor  so  that  it  can  be 
enveloped  by  the  oxygen-containing  and  neutral  gases. 

The  rotation  or  spiral  motion  referred  to  above  as  necessary 
to  step  up  the  rate  of  industrial  titanium  tetrachloride  combus¬ 
tion  can  be  imparted  to  either  of  the  reagents  or  to  the  inert 
gas  or  to  both.  This  motion  can  be  set  up  in  the  nozzle  or  after 
the  nozzle,  in  the  reaction  chamber.  For  example,  the  gas  might 
be  set  in  rotation  in  the  nozzle  by  inclined  plates  (vanes)  in¬ 
serted  into  it.  Rotational  motion  might  be  set  up  directly  in 
the  reaction  chamber  by  imparting  such  a  strong  spiral  motion  to 
the  inert  gas  in  the  nozzle  that  its  kinetic  energy  will  be  ade¬ 
quate  to  entrain  at  least  one  of  the  reactants,  transferring  the 
rotational  motion  to  it. 

The  patent  literature  contains  certain  information  on  methods 
of  burning  titanium  tetrachloride  in  industrial-type  units.  Thus, 
one  pa'cent^^  describes  the  process  in  a  reaction  chamber  1.5  m 
in  diameter  and  3  m  high.  The  starting  components  -  titanium 
tetrachloride  and  oxygen  -  are  preheated  to  800  and  900°C,  re¬ 
spectively,  and  injected  into  the  reactor  through  a  nozzle  with 
concentric  inlets;  the  cros3-sectional  area  of  the  inner  passage 
is  3  cm2,  and  that  of  the  outer  passage  4  cm2.  The  TIClj,  is  in¬ 
troduced  through  the  inner  orifice  at  a  rate  of  8  moles/min, 
and  the  oxygen  through  the  outer  orifice  at  25  moles/min  with 
swirling  in  the  nozzle.  It  is  reported  that  this  apparatus  pro¬ 
duces  finely  dispersed  pigment  titanium  dioxide  In  99 %  yield. 

The  literature  offers  practically  no  data  on  the  performance 
of  existing  foreign  industrial  installations  for  titanium  dioxide 
production  by  burning  TiClj,.  There  is  only  a  very  brief  account 
[17]  of  work  done  toward  production  of  titanium  dioxide  by  this 
method  at  the  Thann  plant  in  France  (Alsace).  At  this 


Footnote  (39)  is  on  page  742. 
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installation,  the  starting  titanium-containing  raw  material  is 
rutile,  largely  imported  from  Australia.  The  titanium  tetra¬ 
chloride  obtained  by  chlorinating  the  rutile  and  appropriate 
purification  is  processed  to  the  dioxide  in  accordance  with  the 
schematic  flowchart  shown  in  Pig.  150. 


rutile  concentrate 


Figure  150.  Schematic  flow  chart  of  titanium  dioxide 
production  from  titanium  tetrachloride  at  the  Thann 
plant . 
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The  titanium  tetrachloride  ic  burned  in  a  vertical  cylin¬ 
drical  reactor  into  which  it  is  fed  in  the  liquid  form  through 
spray  nozzles  in  the  top  of  the  apparatus .  The  combustion  cham¬ 
ber  is  made  of  a  molybdenum-containing  chrome-nickel  steel,  but 
even  then  it  is  subject  to  considerable  corrosion.  The  titanium 
tetrachloride  is  burned  at  a  temperature  of  900°C,  which  guaran¬ 
tees  the  desired  structure  in  the  titanium  dioxide.  Carbon  monox¬ 
ide  and  oxygen  are  fed  into  the  reactor  after  dilution  with  air 
for  temperature  adjustment. 

The  titanium  dioxide  formed  in  the  reaction  is  trapped  on 
electrostatic  filters,  and  the  diluted  chlorine  (of  which  the 
exhaust  gases  contain  about  20 Jt )  is  sent  for  regeneration. 

The  chlorine  is  extracted  from  the  exhaust  gases  by  binding 
it  to  sulfur  monochloride  SgCl^  in  the  presence  of  iodine  (about 
0.001J)  as  a  catalyst.  The  process  is  run  at  220°C  and  a  pres¬ 
sure  of  about  10  atm;  its  equation  is 

SA  +  C4-2SO,.  (15) 

The  resulting  sulfur  dichloride  SC12  is  then  decomposed  by  heat¬ 
ing.  This  liberates  the  chlorine,  which  is  returned  to  the  pro¬ 
duction  cycle  for  use  in  chlorinating  titanium-containing  raw 
material,  and  reforms  the  sulfur  monochloride ,  which  is  returned 
to  the  process  for  reaction  with  dilute  chlorine. 

Although  this  process  permits  regeneration  of  the  chlorine 
from  its  dilute  mixtures,  it  is  highly  complex  and  expensive. 
American  firms  (DuPont  and  others)  have  published  no  information 
at  all  on  the  apparatus  and  technologies  used  in  their  industrial 
scale  titanium-tetrachloride  combustion  processes.  It  has  been 
reported  only  that  the  chlorine  formed  in  the  combustion  of  TiCljj 
is  recycled  at  the  DuPont  plants  for  chlorination  of  titanium- 
containing  raw  material,  but  it  is  not  indicated  how  this  is  ac¬ 
complished. 

»  *  t  #  » 

Although  these  fundamental  technological  schemes  for  produc¬ 
tion  of  titanium  dioxide  from  TiCl^  -  aquef us-solution  hydrolysis, 
hydrolysis  in  steam,  and  combustion  in  au  oxygen-containing  gas 
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can  produce  a  quality  product,  they  are  not,  as  we  indicated 
above,  equivalent. 


The  "wet"  hydrolysis  of  titanium  tetrachloride  is  unsuitable 
as  a  basis  for  economically  profitable  industrial  production  of 
titanium  dioxide,  since  it  does  not  permit  use  of  the  chlorine  of 
the  TlCljj  (of  the  order  of  1.75  ton3  per  ton  of  dioxide),  which 
is  irrecoverably  lost  in  the  form  of  dilute  hydrochloric  acid. 

TCie  process  is  also  burdened  with  substantial  difficulties  en¬ 
countered  in  filtering  the  residues  that  precipitate  out  during 
hydrolysis . 

The  hydrolysis  of  titanium  tetrachloride  in  steam  has  unques¬ 
tionable  advanvages  over  the  hydrolysis  of  this  compound  in  aque¬ 
ous  solutions.  Production  flow  becomes  substantially  simpler 
when  titanium  dioxide  is  made  by  the  vapor-phase  process.  The 
operations  of  filtering,  drying,  and  calcining  the  deposits  be- 
oome  unnecessary,  and  less  grinding  of  the  product  is  also  re¬ 
quired,  since  it  becomes  a  matter  more  of  homogenization  than  of 
actual  grinding.  Pinely  dispersed,  homogeneous  pigment  titanium 
dioxide  can  be  produced  by  this  method.  It  produces  hydrogen 
chloride  or  hydrochloric  acid  in  concentrations  higher  than  that 
of  the  acid  obtained  in  the  aqueous-solution  hydrolysis.  Titan¬ 
ium  dioxide  can  be  produced  in  a  continuous  technological  proc¬ 
ess  based  on  this  method.  However,  the  vapor-phase  method  has 
a  very  serious  shortcoming  in  the  impossibility  of  obtaining 
chlorine  simultaneously  with  t.he  titanium  dioxide  for  possible 
direct  recycling  for  chlorination  of  titanium-containing  raw 
materials;  further,  major  difficulties  arise  in  the  attempt  to 
find  structural  materials  suitable  for  the  industrial  equipment, 
which  must  resist  attack  by  HC1  at  high  temperatures. 

The  process  in  which  titanium  tetrachloride  is  burned  in  an 
oxygen-containing  gas  retains  the  above  positive  features  inher¬ 
ent  to  the  vapor-phase  method,  but  is  free  of  its  principal  draw¬ 
back.  It  permits  setting  up  a  closed  chlorine  cycle,  with  re¬ 
cycling  of  the  gas  for  chlorination  of  the  starting  titanium- 
containing  raw  material;  this  makes  this  particular  method  of 
titanium  dioxide  production  economically  defensible.  Combustion 

PTD-HC-2 3- 352-69 

737 


of  tit 
the  pr 
simple 
qualit; 
make  p 


FTD-HC 


of  titanium  tetrachloride  is  a  highly  interesting  process  from 
the  practical  standpoint,  since  it  can  be  used  in  a  relatively 
simple  technological  flow  for  continuous  production  of  high- 
quality  titanium  dioxide.  The  profitability  of  this  process  will 
make  possible  its  introduction  into  the  industry  on  a  broad  scale. 
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